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ABSTRACT
By em ploy ing  lu m in e sc e n c e  e x c i t a t i o n  t e c h n i q u e ,  t h e  c r y s t a l  
f i e l d  s p l i t  e x c i t e d  s t a t e s  o f  th e  t r i v a l e n t  Holmium and Samarium i n  CaF^ 
c r y s t a l  w ere  i n v e s t i g a t e d .  The ph o to n  e n e rg y  ran g e  o f  18000 to  40000 
cm  ̂ was s t u d i e d .  A g r e a t  number o f  s h a rp  s p e c t r a l  l i n e s  a r i s i n g  from 
th e  t r i v a l e n  i o n s  w ere  o b s e r v e d .  B ased on a co m p ar iso n  w i th  c a l c u l a t e d  
f r e e  io n  e n e rg y  l e v e l s ,  t e n t a t i v e  i d e n t i f i c a t i o n s  o f  t h e  o b s e rv e d  l e v e l s  
w ere  made. I t  was found t h a t  t h e  s e l e c t i o n  r u l e  AJ^ 6  h o l d s  i n  t h e s e  
s y s te m s ,  and t h e  o b s e rv e d  t r a n s i t i o n s  a re  p r e d o m in a t e ly  o f  e l e c t r i c a l
d i p o l e  c h a r a c t e r .  A pprox im ate  e n e rg y  l e v e l  schemes o f  t h e  c r y s t a l  f i e l d
3+
s p l i t  e x c i t e d  s t a t e s  o f  Ho i n  c u b ic  s i t e s  w ere  c o n s t r u c t e d .  S i m i l a r
e n e rg y  l e v e l  schmes o f  t h e  t h r e e  lo w e s t  m u l t i p l e t s  o f  t h e  s e x t e t  H s t a t e
3+
o f  Sm i n  c u b ic  s i t e s  was a l s o  c o n s t r u c t e d .
In  o r d e r  to  s tu d y  t h e  e f f e c t  o f  d i f f e r e n t  sy m m etr ie s
2 -
s u r r o u n d in g  th e  t r i v a l e n t  r a r e  e a r t h  i o n s ,  0  was i n t r o d u c e d  i n t o  t h e  
h o s t  c r y s t a l  by means o f  h e a t  t r e a t m e n t .  I t  was found  t h a t  h e a t  t r e a t ­
m ent i n  open  a i r  c h a n g e s  t h e  p o i n t  symmetry a round  t h e  r a r e - e a r t h  i o n .
By means o f  t h e  same g r e e n  lu m in e sc e n c e  e x c i t a t i o n  t e c h n iq u e  i t  was 
p o s s i b l e  to  o b s e rv e  t h e s e  c h a n g e s  t a k i n g  p l a c e .  Based on e v id e n c e  
obtained from excitation, emission and thermoluminescence spectra it 
i s  c o n c lu d e d  t h a t  t h e  symmetry o f  t h e  c r y s t a l  f i e l d  s u r r o u n d in g  th e  
r a r e - e a r t h  i o n s  i n  t h e  as  r e c e i v e d  c r y s t a l  was p r e d o m in a te ly  c u b ic  i n  
o u r  c a s e .
i i i
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C om parisons  be tw een  e x c i t a t i o n  s p e c t r a ,  a b s o r p t i o n  s p e c t r a ,  
e m is s io n  s p e c t r a  and th e rm o lu m in e sc e n c e  s p e c t r a  showed them to  be i n  
c o n s i s t e n c e  w i th  e a ch  o t h e r  and w i th  p r e v i o u s l y  o b t a i n e d  r e s u l t s  i n  
t h i s  l a b o r a t o r y .
By em ploy ing  lo w - te m p e r a tu r e  t e c h n i q u e ,  t h e  two lo w e s t  
S t a r k  com ponents  o f  t h e  c r y s t a l  f i e l d  s p l i t  g round  s t a t e
3 +
Sm i n  a C^v f i e l d  w ere  e s t i m a t e d .  A r e a s o n a b le  ag reem en t  be tw een
t h e  c a l c u l a t e d  e n e rg y  l e v e l s  and t h e  e s t i m a t e d  o n es  was fo u n d .
A t tem p ts  w ere  made to  s tu d y  th e  Zeeman e f f e c t  and l i f e t i m e s  
3"hi n  t h e  C aF^H o s y s te m .  The r e s u l t s ,  how ever ,  so f a r  a r e  n o t  c o n c lu s i v e  
and f u r t h e r  work i s  n e e d e d  i n  t h i s  d i r e c t i o n .
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c r y s t a l  a t  77°K i n  t h e  r a n g e  o f  25000 -  27000 cm
3+
E x c i t a t i o n  sp e c t ru m  o f  as  r e c e i v e d ,  ran d o m -cu t  C aF^H o 
c r y s t a l  a t  77°K i n  t h e  r a n g e  o f  27000 -  28500 cm
3if-
E x c i t a t i o n  sp e c t ru m  o f  a s  r e c e i v e d ,  ran d o m -cu t  C aF^H o 
c r y s t a l  a t  77°K i n  t h e  r an g e  o f  28500 -  31000 cm
34"E x c i t a t i o n  s p e c t ru m  o f  as  r e c e i v e d ,  ran d o m -cu t  C aF^H o 
c r y s t a l  a t  77°K i n  t h e  r a n g e  o f  33000 -  37000 cm
34-
E x c i t a t i o n  s p e c t ru m  o f  a s  r e c e i v e d ,  ran d o m -cu t  C aF^H o
c r y s t a l  a t  77°K i n  t h e  r a n g e  o f  37000 -  39000 cm
3 +
E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  C aF ^H o c r y s t a l  ( h e a t e d
to  850°C) a t  77°K i n  t h e  r an g e  o f  20000 -  23000 cm
3“b
E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  C aF ^H o  c r y s t a l  ( h e a t e d
to  850°C) a t  77°K i n  t h e  r an g e  o f  23000 -  25000 cm
3+ .
E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  CaF^-'Ho c r y s t a l  ( h e a t e d
to  850°C) a t  77°K i n  t h e  r an g e  o f  25000 -  27000 cm
3+ .
E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  C aF^H o c r y s t a l  ( h e a t e d  
to  850°C) a t  77°K i n  t h e  r a n g e  o f  27000 -  28500 cm \
3-3-
E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  C aF^H o c r y s t a l  ( h e a t e d  
to  850°C) a t  77°K i n  t h e  r a n g e  o f  28500 -  31000 cm \
X l l














E x c i t a t i o n  sp e c t ru m  o f  s i n g l e  CaF :Ho c r y s t a l  ( h e a t e d
to  950°C) a t  77°K i n  t h e  r an g e  o f  20000 -  23000 cm
3-f
E x c i t a t i o n  sp e c t ru m  o f  s i n g l e  CaF :Ho c r y s t a l  ( h e a t e d
to  950°C) a t  77°K i n  t h e  r an g e  o f  23000 -  25000 cm
3"h /E x c i t a t i o n  sp e c t ru m  o f  s i n g l e  CaF^JHo c r y s t a l  ( h e a t e d
to  950°C) a t  77°K i n  t h e  r an g e  o f  25000 -  27000 cm
3d"E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  GaF^JHo c r y s t a l  ( h e a t e d
to  950°C) a t  77°K i n  t h e  r a n g e  o f  27000 -  28500 cm
3d"
E x c i t a t i o n  sp e c t ru m  o f  s i n g l e  CaF^rHo c r y s t a l  ( h e a t e d
to  950°C) a t  77°K i n  t h e  r a n g e  o f  28500 -  31000 cm
3 + ,
E x c i t a t i o n  sp e c t ru m  o f  s i n g l e  CaF^iHo c r y s t a l  ( h e a t e d
to  1050°C) a t  77°K i n  t h e  r a n g e  o f  20000 -  23000 cm
3d" /E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  CaF :Ho. c r y s t a l  ( h e a t e d
to  1050°C) a t  7 7 °K i n  t h e  r a n g e  o f  23000 -  25000 cm
3+  ,
E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  C aF^H o c r y s t a l  ( h e a t e d
to  1050°C) a t  77°K i n  t h e  r a n g e  o f  25000 -  27000 cm
3d" ,E x c i t a t i o n  s p e c t ru m  o f  s i n g l e  CaF^iHo c r y s t a l  ( h e a t e d
to  1050°C) a t  77°K i n  t h e  r an g e  o f  27000 -  28500 cm
3 +  .
E x c i t a t i o n  sp e c t ru m  o f  s i n g l e  C aF^H o c r y s t a l  ( h e a t e d
to  1050°C) a t  77°K i n  t h e  r a n g e  o f  28500 -  31000 cm
3d“E x c i t a t i o n  sp e c t ru m  o f  as  r e c e i v e d ,  ran d o m -cu t  CaF^:Sm
0  - 1  
c r y s t a l  a t  300 K i n  t h e  r an g e  o f  20000 -  22000 cm
3"f
E x c i t a t i o n  sp e c t ru m  o f  a s  r e c e i v e d ,  ran d o m -cu t  C aF^Sm  
c r y s t a l  a t  300°K i n  t h e  r a n g e  o f  24000 -  26000 cm
x i i i













.  3+E x c i t a t i o n  sp e c t ru m  o f  a s  r e c e i v e d ,  ran d o m -cu t  CaF^.'Sm 
c r y s t a l  a t  300°K i n  t h e  r a n g e  o f  26000 -  29000 cm 4
3+
E x c i t a t i o n  sp e c t ru m  o f  as  r e c e i v e d ,  ran d o m -cu t  CaF^rSm 
c r y s t a l  a t  77°K i n  t h e  r a n g e  o f  20000 -  22000 cm
34*
E x c i ta t io n  sp e c t ru m  o f  a s  r e c e i v e d ,  ran d o m -cu t  C aF^Sm  
c r y s t a l  a t  77°K i n  t h e  r an g e  o f  24000 -  26000 cm
o 3d"E x c i t a t i o n  sp e c t ru m  o f  as  r e c e i v e d ,  ran d o m -cu t  CaF^tSm
c r y s t a l  a t  77°K i n  t h e  r a n g e  o f  26000 -  29000 cm 4
34 .
E x c i t a t i o n  sp e c t ru m  o f  ran d o m -cu t  CaF :Sm c r y s t a l  ( h e a t e d
to  900°C) a t  77°K i n  t h e  r a n g e  o f  19000 -  22500 cm
3+
E x c i t a t i o n  s p e c tru m  o f  ran d o m -cu t  C aF^Sm  c r y s t a l  ( h e a t e d
to  900°C) a t  77°K i n  t h e  r a n g e  o f  24000 -  25500 cm 4
3"4
E x c i t a t i o n  sp e c t ru m  o f  ran d o m -cu t  CaF^iSm c r y s t a l  ( h e a t e d
to  900°C) a t  77°K i n  t h e  r a n g e  o f  25500 -  28000 cm
E x c i t a t i o n  s p e c t ru m  o f  ran d o m -cu t  C aF^Sm  c r y s t a l  ( h e a t e d
to  900°C) a t  77°K i n  t h e  r a n g e  o f  28000 -  31000 cm 4
3d" /E x c i t a t i o n  s p e c t ru m  o f  ran d o m -cu t  CaF^.'Sm c r y s t a l  ( h e a t e d
to  900°C) a t  77°K i n  t h e  r a n g e  o f  31000 -  33000 cm 4
34 .
E x c i t a t i o n  sp e c t ru m  o f  ran d o m -cu t  CaF^:Sm c r y s t a l  ( h e a t e d
to  1050°C) a t  77°K i n  t h e  r an g e  o f  20000 -  22000 cm
34 .
E x c i t a t i o n  s p e c t ru m  o f  r an d o m -cu t  C aF^Sm  c r y s t a l  ( h e a t e d
to  1050°C) a t  77°K i n  t h e  r a n g e  o f  24000 -  26000 cm
34 -
E x c i t a t i o n  sp e c t ru m  o f  ran d o m -cu t  C aF ^S m  c r y s t a l  ( h e a t e d  
to  1050°C) a t  7 7 °K i n  t h e  r a n g e  o f  26000 -  29000 cm
x i v
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5 -5 5  E m iss io n  sp e c t ru m  o f  a s  r e c e i v e d  CaF^:Ho a t  300 K i n
t h e  ran g e  o f  5300 -  5600$ , u s in g  4447$. l i g h t  a s  e x c i t i n g
s o u r c e .
^ J ^
5 -56  E m is s io n  sp e c t ru m  o f  as  r e c e i v e d  C aF^H o a t  77 K i n  t h e
ra n g e  o f  5300 -  5600$, u s in g  4447$. l i g h t  as  e x c i t i n g  s o u r c e .
I,
5 -57  E m is s io n  sp e c t ru m  o f  C aF ^H o ( h e a t e d  to  900°C) a t  77°K i n
t h e  r a n g e  o f  5300 -  5600$, u s in g  4447$ l i g h t  a s  e x c i t i n g
s o u r c e .
j
5-58  E m is s io n  sp e c t ru m  o f  C aF ^H o  ( h e a t e d  to  900°C) a t  77°K i n
t h e  r a n g e  o f  5300 -  5600$, u s in g  4537$ l i g h t  a s  e x c i t i n g
s o u r c e .
3d” o
5-59  E m is s io n  s p e c tru m  o f  a s  r e c e i v e d  CaF^:Ho c r y s t a l  a t  300 K
i n  t h e  r a n g e  o f  6 3 0 0  -  6600$.
3+ o5 -60  E m iss io n  s p e c t ru m  o f  a s  r e c e i v e d  C aF^H o c r y s t a l  a t  77 K
i n  t h e  r a n g e  o f  6300 -  6600 $ .
3+ o
5-61  E m is s io n  sp e c t ru m  o f  a s  r e c e i v e d  C aF^Sm  c r y s t a l  a t  300 K
i n  t h e  ran g e  o f  5500 -  5800$, u s in g  4010$ l i g h t  as  e x c i t i n g
s o u r c e .
5 -62  E m iss io n  s p e c t ru m  o f  CaF^iSm^ ( h e a t e d  t o  900°C) a t  77°K
i n  t h e  r an g e  o f  5600 -  5900$, u s in g  4070$ l i g h t  as  e x c i t i n g
s o u r c e .
5 -63  E m is s io n  sp e c t ru m  o f  CaF^jSm3  ( h e a t e d  to  900°C) a t  300°K
i n  t h e  r a n g e  o f  5500 -  5800$, u s in g  4740$ l i g h t  as  e x c i t i n g
s o u r c e .
3+
5 -6 4  G e n e ra l  g low  c u rv e  o f  as  r e c e i v e d  C aF^H o
xv
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5-65 G enera l glow curve  o f  CaF^Ho h e a te d  to  1050 C.
5-66  S p e c t r a l  c o m p o s i t io n  o f  t h e  g low  from an as r e c e i v e d  
2 +
CaF^rHo c r y s t a l  ( a f t e r  S c h l e s i n g e r  and Whippey [ 2 - 4 7 ] ) .
3+5-67  G e n e ra l  g low  c u rv e  o f  a s  r e c e i v e d  CaF^rSm
3+ o
5-68  G e n e ra l  g low  c u rv e  o f  C aF^Sm  h e a t e d  to  1050 C.
5-69  S p e c t r a l  c o m p o s i t io n  o f  t h e  glow from  an as  r e c e i v e d
3+
C aF ^S m  c r y s t a l  ( a f t e r  S c h l e s i n g e r  and Whippey [ 6 - 8 ] ) .
i \  j
5-70  E x c i t a t i o n  s p e c t ru m  o f  C aF ^S m  ( h e a t e d  to  900°C) a t  
300°K i n  t h e  r an g e  o f  25500 -  28000 cm
5-71 E x c i t a t i o n  sp e c t ru m  o f  CaF^iSm ( h e a t e d  to  900°C) a t  
48°K i n  t h e  ran g e  o f  25500 -  28000 cm
3*f
6 -1  C om parison  be tw een  c a l c u l a t e d  e n e rg y  l e v e l s  o f  f r e e  Ho
3+
and o b s e rv e d  e n e rg y  l e v e l s  o f  CaF^:Ho
3~f6 -2  C om parison  be tw een  c a l c u l a t e d  e n e rg y  l e v e l s  o f  Sm in
3-h
aqueous s o l u t i o n  and o b s e r v e d  e n e rg y  l e v e l s  o f  C aF^Sm
6-3  C om parison  be tw een  t h e  c a l c u l a t e d  e n e rg y  l e v e l s  o f  f r e e
3+ 3+Ho and t h e  o b s e rv e d  e x c i t a t i o n  e n e rg y  l e v e l s  o f  CaF^rHo
6 -4  S u g g e s te d  s e m i - e m p i r i c a l  e n e rg y  l e v e l s  scheme o f  t h e  ^F and
5 3+F^ s t a t e s  o f  Ho i n  a c u b ic  c r y s t a l  f i e l d .
3
6-5  S u g g e s te d  s e m i - e m p i r i c a l  e n e rg y  l e v e l s  scheme o f  t h e  K. and
8
5 3+Gg s t a t e s  o f  Ho i n  a c u b ic  c r y s t a l  f i e l d .
6->6 S u g g e s te d  s e m i - e m p i r i c a l  e n e rg y  l e v e l s  scheme o f  t h e  ^Gr and
5
5 3+G^ s t a t e s  o f  Ho i n  a c u b ic  c r y s t a l  f i e l d .
x v i
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6-7 S ugges ted  s e m i-e m p ir ic a l  energy  l e v e l s  scheme o f  th e  G,.' and
5 3+s t a t e s  o f  Ho i n  a c u b ic  c r y s t a l  f i e l d .
6 - 8  S u g g e s te d  s e m i - e m p i r i c a l  e n e rg y  l e v e l s  scheme o f  t h e  ^G^ and
3 3+s t a t e s  o f  Ho i n  a c u b ic  c r y s t a l  f i e l d .
3+
6-9  Com parison  be tw een  t h e  c a l c u l a t e d  e n e rg y  l e v e l s  o f  Sm i n
aqueous s o l u t i o n  and t h e  o b s e rv e d  e x c i t a t i o n  e n e rg y  l e v e l s  
3+o f  CaF^iSm .
4
6 - 1 0  A llow ed d i p o le  t r a n s i t i o n s  be tw een  t h e  ^ 5 / 2  anc* th e  t h r e e
3 +
lo w e s t  m u l t i p l e t s  o f  t h e  s e x t e t  H s t a t e  o f  Sm i n  a c u b ic  
f i e l d .
x v i i
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CHAPTER I  
INTRODUCTION
1-1  G e n e ra l  C o n s i d e r a t i o n s
A g r e a t  d e a l  o f  i n f o r m a t i o n  can  be o b t a i n e d  r e g a r d in g  th e  
e l e c t r o n i c  p r o p e r t i e s  o f  atoms by s tu d y in g  t h e i r  s p e c t r a .  E x te n s iv e  
e x p e r im e n ta l  work h a s  been  c a r r i e d  o u t  on th e  a tom ic  s p e c t r a  i n  g a s e o u s  
s t a t e .  At v e ry  low p r e s s u r e ,  atoms o r  m o le c u le s  a re  on th e  a v e ra g e  so 
f a r  away from  e ach  o t h e r  t h a t  t h e y  can  be c o n s id e r e d  f r e e .  T h e i r  e m is ­
s io n  and a b s o r p t i o n  s p e c t r a ,  i n  m ost c a s e s ,  c o n s i s t  o f  s h a rp  s p e c t r a l  
l i n e s  w i th  t h e  n a t u r a l  w id th  m o d i f i e d  by th e  D opp le r  e f f e c t .  I n  o r d e r  
to  s tu d y  t h e  e f f e c t  o f  i n t e r a c t i o n s  be tw een  a tom s, a dense  g a s  m ust be 
u s e d .  However, as  th e  g a s  p r e s s u r e  i n c r e a s e s  t h e  c o l l i s i o n s  be tw een  
atoms become more f r e q u e n t  and b ro a d e n in g  o f  th e  s p e c t r a l  l i n e s  t a k e s  
p l a c e .  When t h e  g a s  p r e s s u r e  i n c r e a s e s  f u r t h e r ,  th e  l i n e  b ro a d e n in g  
may r e a c h  such  p r o p o r t i o n  t h a t  n e ig h b o r i n g  l i n e s  o v e r l a p  and a c o n t in u o u s  
s p e c t ru m  r e s u l t s  a t  t im e s  w i th o u t  n o t i c e a b l e  s t r u c t u r e .  I t  i s  q u i t e  
o b v io u s  t h a t  u n d e r  such  c i r c u m s t a n c e s  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  any 
m e a n in g fu l  i n f o r m a t io n  c o n c e r n in g  t h e  i n t e r a c t i o n s  be tw een  atoms becomes 
v e r y  dim.
The i n v e s t i g a t i o n  o f  t h e  f r e e  atom s p e c t r a  i s  a l s o  ham pered  
by two o t h e r  m a jo r  d i s a d v a n t a g e s .  One i s  t h e  f a c t  t h a t  f r e e  atom e n e rg y  
l e v e l s  u s u a l l y  p o s s e s s  a c e r t a i n  d e g re e  o f  d e g e n e ra c y .  The se co n d  i s  
t h a t  e l e c t r i c  d i p o l e  t r a n s i t i o n s  w i t h i n  t h e  same c o n f i g u r a t i o n  o f  a
1
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f r e e  atom a re  s t r i c t l y  p a r i t y  f o r b i d d e n .  T h e r e f o r e  th e  number o f  
s p e c t r a l  l i n e  t h a t  may be o b s e rv e d  w ould  be r e l a t i v e l y  few.
From t h e  p o i n t  o f  v iew  o f  a n a ly s i n g  th e  s p e c t r a ,  i t  i s  
a lw ays  d e s i r a b l e  to  have  t h e  c o n f i g u r a t i o n  o f  th e  atom u n d e r  s tu d y  as 
s im p le  as  p o s s i b l e .  I n  some c a s e s ,  i o n i z e d  atoms do p o s s e s s  s u b s t a n ­
t i a l l y  s im p l e r  c o n f i g u r a t i o n s .  One o f  t h e  t y p i c a l  exam ples  i s  th e  
doub ly  and t r i p l y  i o n i z e d  r a r e  e a r t h s  i n  w hich no more t h a n  one non ­
e q u i v a l e n t  e l e c t r o n  i s  o u t s i d e  t h e  f ^  c o r e .  I n  p r a c t i c e ,  how ever ,  one 
h a s  d i f f i c u l t i e s  i n  p ro d u c in g  a sy s te m  o f  h i g h l y  p u re  i o n i z e d  a tom s, 
i . e .  u s u a l l y  t h e r e  a lw ays  w i l l  e x i s t  i o n s  w i th  d i f f e r e n t  d e g re e s  o f  
i o n i z a t i o n  among o t h e r  i o n s .  T h is  makes t h e  a n a l y s i s  o f  i o n i c  s p e c t r a  
even  more c o m p l ic a t e d  th a n  t h a t  o f  t h e  n e u t r a l  atoms th o u g h  t h e  fo rm e r  
have  s im p l e r  c o n f i g u r a t i o n s .
I f  t h e  i o n s  u n d e r  s tu d y  a re  i n  a c r y s t a l  a t  v e ry  low
t e m p e r a t u r e ,  th a n  a l l  t h e  d i f f i c u l t i e s  m en t io n e d  above w i l l  no l o n g e r
e x i s t .  One o f  t h e s e  c a s e s  i s  t h e  t r i p l y  i o n i z e d  r a r e  e a r t h  i n  CaF^ '
c r y s t a l  a t  low t e m p e r a t u r e s  where a l l  t h e  r e q u i r e m e n ts  s e t  f o r t h  a re
m e t .  T h is  i s  b e c a u s e  o f  t h e  f o l l o w in g  r e a s o n s .  The t r i p l y  i o n i z e d
N
r a r e  e a r t h s  have  a 4 f  c o n f i g u r a t i o n  w hich  i s  w e l l  s h i e l d e d  by o u t e r  
e l e c t r o n s .  I n  t h e  c r y s t a l  t h e s e  4 f - e l e c t r o n s  i n t e r a c t  w eak ly  w i th  a 
n e a r l y  s t a t i c ,  r e g u l a r  s u r r o u n d in g  w i t h o u t  b e in g  s u b j e c t  to  any random 
f l u c t u a t i o n s  such  as t h e  s i t u a t i o n  i n  a g a s .  As a r e s u l t  o f  i n t e r a c t i o n  
w i t h  t h e  c r y s t a l  f i e l d ,  some d e g re e  o f  d e g e n e ra c y  o f  th e  f r e e  i o n s  i s  
removed and some ' f o r b i d d e n '  t r a n s i t i o n s  a r e  made p o s s i b l e .  M eanw hile , 
th e  e s s e n t i a l  s t r u c t u r e  o f  t h e  f r e e  io n  c o n f i g u r a t i o n  i s  s t i l l  p r e s e r v e d .
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M oreover ,  i n  g e n e r a l ,  t h e  e x p e r i m e n t a l  c o n d i t i o n s  a re  much e a s i e r  to  
c o n t r o l  h en ce  more r e l i a b l e  r e s u l t s  can  be e x p e c t e d .
1-2  S p e c i a l  C o n s i d e r a t i o n s
To sum up , one can  see  c l e a r l y  th e  r e m a rk a b le  v a lu e  o f
s tu d y in g  i o n s  i n  c r y s t a l s .  T h is  seems to  be one o f  t h e  r e a s o n s  t h a t
i n  r e c e n t  y e a r s  t h i s  f i e l d  h as  drawn more and more a t t e n t i o n  from
Atomic S p e c t r o s c o p i s t s  as  w e l l  as  S o l i d  S t a t e  P h y s i c i s t s .
The p u rp o se  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  to  employ m a in ly
th e  lu m in esc e n c e  e x c i t a t i o n  t e c h n i q u e  to  s tu d y  th e  s p e c t r o s c o p i c  
3"h _ 3"b
p r o p e r t i e s  o f  Ho o r  Sm i n  CaF^ c r y s t a l .  R e l a t i v e l y  p u re  CaF^
3+ 3+
c r y s t a l s  doped w i t h  Ho o r  Sm became a v a i l a b l e  o n ly  i n  r e c e n t  y e a r s ,
t h e  i n v e s t i g a t i o n  o f  t h e s e  sy s te m s  h a s  n o t  been  as e x t e n s i v e  as t h a t  o f
o t h e r  c r y s t a l s  such  as CaF^ doped w i t h  doub ly  i o n i z e d  r a r e  e a r t h s .  To
o u r  know ledge , t h e r e  i s  no r e p o r t  o f  a c o m p reh en s iv e  i n v e s t i g a t i o n  o f
th e  s p e c t r a l  r e g i o n  be tw een  18000 to  40000 cm  ̂ o f  t h e  m en t io n e d  c r y s t a l s
c e r t a i n l y  n o t  by em ploy ing  th e  e x c i t a t i o n  t e c h n i q u e .
From th e  t h e o r e t i c a l  a s p e c t ,  th o u g h  th e  c r y s t a l  f i e l d  t h e o r y
h a s  been  d e v e lo p e d  q u i t e  e x t e n s i v e l y ,  c a l c u l a t i o n s  c o n c e r n in g  th e  c r y s t a l
34- 34-
f i e l d  s p l i t  e n e rg y  l e v e l s  o f  Ho and Sm i n  CaF^ a re  s t i l l  n o t  a v a i l ­
a b l e .  At t h e  p r e s e n t  t im e ,  t h e  a v a i l a b l e  c a l c u l a t i o n s  r e g a r d in g  t h e s e  
two i o n s  a re  th e  f r e e  io n  e n e rg y  l e v e l s  c a l c u l a t e d  to  o n ly  a l i m i t e d  
d e g re e  o f  a c c u ra c y  [1-1 to  1-3  3*
I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e r e f o r e ,  th e  f o l l o w in g  
a t t e m p t s  have  been  made:
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a) To i d e n t i f y  t h e  o b s e rv e d  s p e c t r a l  l i n e s
by a co m p a r iso n  w i t h  c a l c u l a t e d  f r e e  
i o n  e n e rg y  l e v e l s .
b) To s tu d y  t h e  e f f e c t s  o f  d i f f e r e n t  symmet­
r i e s  s u r r o u n d in g  t h e  t r i p l y  i o n i z e d  
r a r e  e a r t h .
c )  B ased  on Group T h e o r e t i c a l  p r e d i c t i o n ^  to
a n a ly z e  t h e  o b s e r v e d  s p l i t  com ponents  
o f  c e r t a i n  e x c i t e d  s t a t e s  o f  Ho3"̂" and 
Sm3”̂  i n  CaF^.
d) To s tu d y  t h e  t e m p e r a t u r e  dependence  o f  th e
s p e c t r o s c o p i c  p r o p e r t i e s  o f  th e  Ho-5 and 
Sm3+ io n s  i n  CaF^.
e)  To t e s t  i f  p o s s i b l e  th e  s e l e c t i o n  r u l e s  f o r  th e
e l e c t r i c  d i p o l e  t r a n s i t i o n s  i n  t h e s e  i o n s .
f )  To compare th e  d e t a i l e d  f e a t u r e s  o f  t h e
e x c i t a t i o n  s p e c t r a  w i th  t h e  c o r r e s p o n d in g  
e m is s io n  and a b s o r p t i o n  s p e c t r a .
g) To t r y  and s tu d y  t h e  Zeeman e f f e c t s  i n
CaF2 :Ho+ 3 .




2-1  S p e c t r o s c o p ic  P r o p e r t i e s  o f  Ho and Sm Io n s
I n  t h e  p e r i o d i c  t a b l e  be tw een  lan thanum  and h a fn iu m  t h e r e  i
a g roup  o f  14 c h e m ic a l ly  s i m i l a r  e l e m e n t s .  They have  i n  common an 
N
in c o m p le te  4 f  - s h e l l .  These  e le m e n ts  a r e  known as th e  l a n t h a n i d e s
o r  r a r e  e a r th s . '* '  The no rm al e l e c t r o n i c  c o n f i g u r a t i o n s  o f  t h e s e  atoms
2
p o s s e s s  a common f e a t u r e  o f  xenon s t r u c t u r e  w i th  two ( 6 s  ) o r  t h r e e  
2
(5d6s ) o u t e r  e l e c t r o n s .  The r a r e  e a r t h  atoms may be i o n i z e d  by th e  
s u c c e s s i v e  rem oval o f  e l e c t r o n s .  When t h r e e  e l e c t r o n s  have  been
rem oved, a l l  th e  t r i p l y  i o n i z e d  r a r e  e a r t h s  h a v e ,  a p a r t  from  th e  c lo s e d
N _  3+
s h e l l s  o f  xenon s t r u c t u r e ,  a 4 f  c o n f i g u r a t i o n  w i th  N -  1 f o r  Ce and
3+
i n c r e a s i n g  r e g u l a r l y  to  N -  14 f o r  Lu . The c l o s e d  s h e l l s  o f  xenon
c o n f i g u r a t i o n  c o n t r i b u t e s  n o t h in g  to  t h e  e n e rg y  s t r u c t u r e  o f  th e  i o n s ,
N
t h e r e f o r e  o n ly  t h e  i n c o m p le te  4 f  s h e l l  needs to  be t a k e n  i n t o  c o n s i d e r a  
t i o n .
I t  h a s  b e e n  shown [ 2 - 1 ]  t h a t ,  f o r  t h e  4 f - e l e c t r o n s ,  a deep 
p o t e n t i a l  w e l l  e x i s t s  n e a r  th e  n u c le u s  o f  t h e  r a r e  e a r t h .  T h is  c a u s e s  
th e  4 f - s h e l l  to  c o n t r a c t  so t h a t  t h e  maximum o f  4 f - w a v e f u n c t io n
Some a u th o r s  u s e  t h e  name ' r a r e  e a r t h s '  f o r  th e  14 e le m e n ts  
o n ly  and some i n c l u d e  th e  a c t i n i d e s  a l s o .
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e s s e n t i a l l y  l i e s  i n s i d e  th e  5s 5p c l o s e d  s h e l l  o f  t h e  xenon s t r u c t u r e .
No such  e f f e c t  o c c u r s  f o r  t h e  w a v e f u n c t io n s  o f  o t h e r  e l e c t r o n s .  The
c o n t r a c t i o n  o f  t h e  4 f - s h e l l  i n c r e a s e s  w i th  i n c r e a s i n g  n u c l e a r  c h a rg e
so t h a t  i o n i c  r a d i i  d e c r e a s e  w i th  i n c r e a s i n g  a tom ic  num ber. B ecause
o f  t h e  s h i e l d i n g  o f  t h e  4 f - e l e c t r o n s ,  as  d e s c r i b e d ,  t h e  e s s e n t i a l
s t r u c t u r e  o f  t h e  f r e e  i o n  c o n f i g u r a t i o n  i s  p r e s e r v e d  even  when th e y
a r e  s i t u a t e d  i n  t h e  c r y s t a l s .
Holmium and Samarium a re  two e le m e n ts  o f  t h e  r a r e  e a r t h
y r  3 +
s e r i e s .  T h e i r  t r i v a l e n t  i o n s  Ho and Sm , w hich a r e  th e  ones  
c o n s id e r e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  have  th e  (Xe) 4 f ^ °  and 
(X e)4f^  e l e c t r o n i c  c o n f i g u r a t i o n  r e s p e c t i v e l y  where (Xe) s t a n d s  f o r  
t h e  Xenon c o n f i g u r a t i o n  ( ls^ 2 s^ 2 p ^ 3 S  ^ 3p^3d^4s^4p^4d '* '^5 s^5p^)  . I n  
CaF^ c r y s t a l ,  b o th  o f  them  g i v e  s t r o n g  g r e e n  e m is s io n  when e x c i t e d  
w i th  p r o p e r  e n e r g i e s .  T h is  s t r o n g  g r e e n  e m is s io n  i s  v e ry  e s s e n t i a l  
f o r  t h e  a p p l i c a t i o n  o f  t h e  lu m in e sc e n c e  e x c i t a t i o n  t e c h n iq u e  w hich
i s  em ployed i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  W ith  odd number (5 )  e l e c -
3+
t r o n s  i n  t h e  4 f - s h e l l ,  t h e  e n e rg y  s t a t e s  o f  Sm even  i n  c r y s t a l  f i e l d
3+
s t i l l  p o s s e s s  K r a m e r s 'd e g e n e r a c y . On t h e  o t h e r  h a n d ,  Ho h a s  tw ic e
3+
as  many f - e l e c t r o n s  as  Sm ( i . e .  even  n u m b er) ,  hence  no K ram ers ' 
d e g e n e ra c y  i s  p r e s e n t .  T h is  p r o p e r t y  o f  s i m i l a r i t y  and d i s t i n c t i o n  
o f  th e  two i o n s  i s  t h e  m ain r e a s o n  t h a t  th e y  were chosen  to  be s t u d i e d  
t o g e t h e r .  Some o t h e r  i m p o r ta n t  c h a r a c t e r i s t i c  o f  th e  two t r i v a l e n t  
r a r e  e a r t h  i o n s  a re  sum m arized  i n  T a b le  2 - 1 .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
7
T a b le  2-1
3"b 3+Some P r o p e r t i e s  o f  Ho and Sm
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^ 5 / 2
D iam ag n e tic
Paramagnetic
W ith in  t h e  4 f - c o n f i g u r a t i o n ,  a g r e a t  number o f  e n e rg y  s t a t e s  
e x i s t .  T r a n s i t i o n s  be tw een  t h e s e  s t a t e s  g iv e  num erous s p e c t r a l  l i n e s  
i n  th e  u l t r a v i o l e t ,  v i s i b l e  and even  i n f r a r e d  r e g i o n s .  F o r  t h e  f r e e  
i o n s ,  how ever ,  t r a n s i t i o n s  w i t h i n  t h e  same c o n f i g u r a t i o n  a re  p a r i t y  
f o r b i d d e n .  E m p i r i c a l  d a t a  r e g a r d i n g  t h e  4 f - c o n f i g u r a t i o n  a r e  t h e r e f o r e  
n o t  a v a i l a b l e  f o r  t h e  f r e e  i o n  c a s e s .  D ieke and G ro s s w h i te  [ 2 - 2 ]  have  
made an e x t e n s i v e  s tu d y  on t h e  s p e c t r a  o f  t r i v a l e n t  r a r e  e a r t h  i o n s  
and s u g g e s t e d  a p o s s i b l e  e n e rg y  l e v e l s  scheme i n  w h ich  a c o l l e c t i o n  
o f  v a r i o u s  d a t a  a re  p r e s e n t e d  f o r  t h e  f r e e  i o n .  T h is  e n e rg y  l e v e l  
scheme i s  p r e s e n t l y  r e g a r d e d  as  t h e  m ain r e f e r e n c e  f o r  s tu d y in g  th e  
4 f  en e rg y  s t r u c t u r e  o f  t h e  t r i v a l e n t  r a r e  e a r t h  i o n s .
I n  a d d i t i o n  to  t h e  4 f - c o n f i g u r a t i o n ,  t h e  o t h e r  p o s s i b l e
c o n f i g u r a t i o n s  o f  t h e  t r i v a l e n t  r a r e  e a r t h  i o n s ,  o r d e r e d  a c c o rd in g
N - l  N - l  N -lto  e n e rg y ,  a r e  4 f  5d, 4 f  6 s  and 4 f  6 p ,  e t c .  T r a n s i t i o n s  be tw een
t h e s e  and t h e  4 f - c o n f i g u r a t i o n  a r e  m o s t ly  above 50000 cm i . e .  t h e  
vacuum u l t r a v i o l e t  r e g i o n  [ 2 - 3 ]  . The e x t e n t  o f  t h e  two lo w e s t
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c o n f i g u r a t i o n s  a r e  shown i n  F ig u r e  2 - 1 .  I n  th e  p r e s e n t  w ork , th e  
i n v e s t i g a t i o n  i s  l i m i t e d  to  th e  r e g i o n  below  50000 cm t h e r e f o r e ,  
d e t a i l e d  d i s c u s s i o n  o f  th e  c o n f i g u r a t i o n s  o t h e r  th a n  th e  4 f - s h e l l  w i l l  
n o t  be i n c l u d e d .
2 - 2  Ho^ and Sm^ i n  CaF^ C r y s t a l
C a lc ium  f l u o r i d e  i s  one o f  th e  m ost s u i t a b l e  h o s t s  f o r  
s tu d y in g  r a r e  e a r t h  i o n s  i n  c r y s t a l s .  The l a t t i c e  symmetry o f  pu re  
CaF^ i s  c u b i c ,  w i th  a b a s i s  o f  one Ca io n  a t  ( 0 ,  0 , 0) and 16 F io n s  
a t  (+ £  , ±  , ±  and (+  ^  ^  as  shown i n  F i g .  2 - 2 .  T h is
can  be v i s u a l i z e d  e i t h e r  a s  an a r r a y  o f  t e t r a h e d r o n s  o f  c a lc iu m  io n s
w i t h  a f l u o r i n e  i o n  a t  t h e  c e n t r e  o r  a s  a c u b ic  a rra n g e m e n t  o f  F io n s
2+
w i th  a Ca io n  a t  e v e ry  o t h e r  b o d y - c e n t r e  p o s i t i o n .  CaF^ i s  a n a t u r a l l y  
o c c u r r i n g  m in e r a l  t h a t  can  a l s o  be p ro d u c e d  a r t i f i c i a l l y  w i th  h ig h  
p u r i t y .  I t  i s  i n s o l u b l e  i n  w a t e r  and s u f f i c i e n t l y  h a r d  f o r  p o l i s h i n g  
and c u t t i n g .  I t s  t r a n s p a r e n c y  i n  t h e  r e g i o n  o f  140C& to  900C& i s  h ig h  
and n e a r l y  c o n s t a n t .
T r i v a l e n t  r a r e  e a r t h  i o n s  can  be i n t r o d u c e d  i n t o  t h e  CaF^ 
c r y s t a l  by add ing  r a r e  e a r t h  t r i f l u o r i d e  i n  t h e  m e l t .  W ith t h i s
m ethod , h i g h l y  p u re  CaF2  doped w i t h  a u n i fo rm  c o n c e n t r a t i o n  o f
3"bt r i v a l e n t  r a r e  e a r t h  (RE ) have  been  grow n. Such c r y s t a l s  a re  a v a i l a b l e
now from com m erc ia l  m a n u f a c t u r e r s ,  m a in ly  Harshaw C hem ica l  Co. and
Optovac I n c .  i n  t h e  U. S .  A.
The t r i v a l e n t  r a r e  e a r t h  e n t e r s  t h e  f l u o r i d e  l a t t i c e  and 
2 4-
s u b s t i t u t e s  Ca i o n .  An a d d i t i o n a l  n e g a t i v e  c h a rg e  i s  r e q u i r e d  to







F i g .  2 . 1 .  A pprox im ate  e x t e n t  o f  th e  two lo w e s t  c o n f i g u r a t i o n s  
o f  ancj Ho"^~ i o n s .
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com pensa te  t h e  e x t r a  p o s i t i v e  c h a rg e  c a r r i e d  by th e  RE . I t  h a s  
been  found  t h a t  s e v e r a l  d i f f e r e n t  t y p e s  o f  c h a rg e  c o m p e n s a to r s  can  be 
form ed i n  th e  c r y s t a l .  The ty p e  and symmetry o f  t h e  c o m p e n sa t io n s  
s t r o n g l y  depend on th e  i n i t i a l  g row ing  c o n d i t i o n  and th e  s u b s e q u e n t  
h e a t  t r e a t m e n t  g iv e n  to  t h e  c r y s t a l .
E a r ly  EPR and O p t i c a l  i n v e s t i g a t i o n s  [ 2 - 4 ]  have  shown t h a t  
one u s u a l  ty p e  o f  c h a rg e  c o m p e n sa t io n  i s  f u r n i s h e d  by an i n t e r s t i t i a l  
n e g a t i v e  f l u o r i d e  i o n  i n  one o f  t h e  empty c u b e s  a d j a c e n t  to  t h e  r a r e  
e a r t h  i o n .  T h is  i s  shown i n  F i g .  2 - 2 ( b ) . The p r e s e n c e  o f  t h i s  l o c a l  
co m p e n sa to r  r e d u c e s  t h e  symmetry a b o u t  t h e  r a r e  e a r t h  io n  from c u b ic  
to  t e t r a g o n a l  ( C ^ ) ,  w i th  a f o u r - f o l d  r o t a t i o n a l  a x i s  a lo n g  t h e  
[1 0 0 ] d i r e c t i o n .  C ases  o f  t h i s  ty p e  o f  c h a rg e  c o m p e n s a to r  have  
been  found  i n  many p r e v i o u s  w orks [  2 -4  t o  2 - 1 0 ] .  I t  i s  a l s o  p o s s i b l e  
t h a t  th e  i n t e r s t i t i a l  f l u o r i d e  i o n  may be s i t u a t e d  i n  a p o s i t i o n  f a r  
from  t h e  r a r e  e a r t h  i o n .  I n  t h i s  c a s e ,  t h e  symmetry o f  t h e  f i e l d  i s  
s t i l l  e s s e n t i a l l y  c u b ic  i n  n a t u r e .  Exam ples o f  such  c o m p e n s a t io n s  
have  been  o b s e rv e d  a l s o  i n  s e v e r a l  c a s e s  [2-11 to  2 -16  ]. I n  some 
c a s e s  t h e r e  may e x i s t  more t h a n  one ty p e  o f  sy m m etr ie s  s u r r o u n d in g  th e  
r a r e  e a r t h  i o n s  [2 -1 7  to  2 - 2 0 ] .  S i e r r o  and L a c ro ix  [ 2 -2 1 ]  have  worked
3”ii- 3+
w i th  a c r y s t a l  o f  CaF^^Gd c o n t a i n i n g  4Of  o f  Gd i n  t e t r a g o n a l  s i t e s  
and 60f0 i n  c u b ic  s i t e s .
- 2
By i n t r o d u c i n g  0 i n t o  t h e  c r y s t a l  l a t t i c e ,  a n o th e r  ty p e
o f  c h a rg e  c o m p e n s a to r  h a s  been  o b s e rv e d  [2 -22  to  2 - 2 7 ] .  I n  t h i s  c a s e
one o f  t h e  e i g h t  f l u o r i d e  i o n s  a t  th e  cube c o r n e r s  s u r r o u n d in g  th e
-2
r a r e  e a r t h  i s  r e p l a c e d  by an 0 i o n s .  B ecause  o f  t h e  p r e s e n c e  o f
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-2
an e x t r a  n e g a t i v e  c h a r g e  c a r r i e d  by 0  , a t h r e e - f o l d  t r i g o n a l  a x i s
(C^) a long  t h e  body d i a g o n a l  o f  t h e  cube  r e s u l t s ,  as  shown i n  F i g .
“ 2
2 - 2 ( c ) .  0  c an  be i n t r o d u c e d  i n t o  t h e  l a t t i c e  u s u a l l y  by means o f
h e a t  t r e a t m e n t .  Low and Rosenb 'e rge r  [ 2 - 2 3 ]  have  p r e f o r m e d  EPR work 
34*on a CaF^:Yb c r y s t a l  o f  c u b i c  symmetry.  A f t e r  h e a t i n g  i t  i n  open
a i r  to  1200°C f o r  s e v e r a l  h o u r s ,  a s t r o n g  t r i g o n a l  s i g n a l  was d e t e c t e d .
By d i f f u s i n g  h yd rogen  on d e u t e r i u m  i n t o  c r y s t a l  o r  by
h e a t i n g  t h e  sample  i n  w a t e r  v a p o r ,  a n o t h e r  t y p e  o f  t r i g o n a l  symmetry
-2s i t e  c a n  a l s o  be fo rm ed ,  e x c e p t  i n  t h i s  c a s e  OH i n s t e a d  o f  0 
s u b s t i t u t e s  t h e  l a t t i c e  F i o n  [ 2 -28  to  2 - 2 9 ] .  A t n i r d  p o s s i b l e  
c h a r g e  c o m p e n s a t i o n  o f  t r i g o n a l  n a t u r e  i s  t h a t  o f  an i n t e r s t i t i a l  
f l u o r i d e  s i t u a t e d  i n  a n e x t  n e a r e s t  n e i g h b o r  empty cube [ 2 - 2 2 ].
F o r  c o m p a r i s o n ,  t h e  r a d i i  o f  s e v e r a l  r e l e v a n t  i o n s  a r e  
g i v e n  i n  T a b le  2 - 2 .
T a b le  2-2 
R a d i i  o f  Some R e l e v a n t  I o n s
ION R adius  ($.)
Ho3+ 0 .8 9
Sm3* 0 . 9 6




C r y s t a l s  o t h e r  t h a n  CaF^ which  have  been  u s e d  as  h o s t  c r y s t a l  f o r  
34-
RE a r e  l i s t e d ,  f o r  exam p le ,  i n  t h e  f o l l o w i n g  t a b l e .
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Table  2-3  
C r y s t a l s  A v a i l a b l e  f o r  S tudy
C r y s t a l Symmetry C r y s t a l Symmetry
Mg3(N03) 1 2 .24H20 C3v LaF3 C2v




S r F 2 0





2-3 Methods f o r  t h e  I n v e s t i g a t i o n  o f  I o n i c  S p e c t r a  i n  C r y s t a l s
Most i o n s  i n  c r y s t a l s  have  a f a i r l y  c l o s e l y  s p a c e d  g roup  
o f  ' g r o u n d '  l e v e l s  f rom which  a b s o r p t i o n  c a n  t a k e  p l a c e .  They a r e  
p o p u l a t e d  a c c o r d i n g  to  B o l t z m a n n ' s  Law. F o r  t h e  p r o p e r  and c o n v e n i e n t  
a n a l y s i s  o f  t h e  v a r i o u s  s p e c t r a ,  i t  i s  a lways d e s i r a b l e  t o  remove t h e  
c o m p l i c a t i o n  o f  h a v in g  p a r t l y  o v e r l a p p i n g  l i n e s  which  a r i s e  f rom s e v e r a l  
c l o s e  l y i n g  l e v e l s .  T h i s  can  be a c h i e v e d  by h a v in g  t h e  c o n d i t i o n  k T < E ^  
m et ,  where E^ i s  t h e  e n e rg y  o f  t h e  l e v e l  above t h e  g ro u n d  s t a t e .  At 
s u f f i c i e n t l y  low t e m p e r a t u r e ,  a b s o r p t i o n  from any l e v e l  o t h e r  t h a n  t h e  
l o w e s t  l e v e l  can  be p r a c t i c a l l y  n e g l e c t e d .  Some t y p i c a l  examples  o f  
t h e  r e d u c t i o n  o f  p o p u l a t i o n  by low t e m p e r a t u r e  t e c h n i q u e  a r e  g i v e n  i n  
T a b l e  2 - 4 .
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Table 2-4
R e d u c t io n  o f  t h e  I n t e n s i t y  o f  an A b s o r p t i o n  L ine  i f  t h e  
A bsorb ing  L e ve l  i s  E (cm” -'-) Above t h e  Ground S t a t e
T e m p e ra tu re  (°K) R e d u c t i o n  F a c t o r
0 . 5 0 . 1 0 . 0 1
4 . 2  (LHe) E = 2 . 0  n E = 6 .7  n E = 1 3 .4  n
2 0 .0  (LH2) 9 . 6 32 .0 6 1 .4
77 .0  (LN2) 3 7 .1 123.2 2 4 6 .4
193 .0  (SC02) 9 3 .0 308 .0 617 .6
30 0 .0  (RT) 144.6 480 .0 96 0 .0
There a r e  o t h e r  r e a s o n s  t h a t  make low t e m p e r a t u r e s  e s s e n t i a l  
f o r  t h e  s t u d y i n g  o f  c r y s t a l  f i e l d  s p e c t r a .  When th e  l a t t i c e  v i b r a t e s ,  
t h e  c h a n c e s  f o r  i n t e r a c t i o n  be tw een  i t  and t h e  i o n  a r e  i n c r e a s e d .  Also 
t h e  v i b r a t i o n  o f  t h e  n e i g h b o r i n g  i o n s  c r e a t e s  a ch a n g in g  c r y s t a l  f i e l d  
a t  t h e  p l a c e  o f  t h e  r a r e  e a r t h  i o n ,  which  i s  n o t  t h e  same f o r  d i f f e r e n t  
i o n s ,  and t h i s  means a b r o a d e n i n g  o f  t h e  l i n e s .  I n  o r d e r  t o  o b t a i n  l i n e s  
o f  maximum s h a r p n e s s ,  i t  i s  t h e r e f o r e  e s s e n t i a l  t o  work a t  a v e r y  low 
t e m p e r a t u r e .  T h i s  can  be r e a d i l y  a c h i e v e d  by employ ing a c r y o g e n i c  
c r y o s t a t .  I n  t h e  p r e s e n t  work ,  a custom-made  Andonian vacuum »ryosfcat  
was u s e d  f o r  low t e m p e r a t u r e  m e a s u r e m e n ts .
The s p e c t r o s c o p i c  p r o p e r t i e s  o f  r a r e  e a r t h  i o n s  i n  c r y s t a l s  
have  been  s t u d i e d  i n  r e c e n t  y e a r s  by em ploy ing  a b s o r p t i o n ,  e m i s s i o n ,  
t h e r m o lu m in e s c e n c e  and e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  (EPR) m ethods .
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I n f r a r e d  quantum c o u n t e r  (IRQC) t e c h n i q u e  and m u l t i - p h o t o n  a b s o r p t i o n  have 
a l s o  been a p p l i e d  i n  t h i s  f i e l d .  U t i l i z i n g  lu m in e s c e n c e  e x c i t a t i o n  t e c h n i q u e  
i n  t h i s  f i e l d  i s  r e l a t i v e l y  new. I n  t h i s  s e c t i o n  a b r i e f  r e v i e w  o f  e a ch  
method w i l l  be d i s c u s s e d  w i t h  some em phas i s  on t h e  l a s t  t e c h n i q u e .
( a )  A bso rp t ion - -W hen  t h e  i o n s  i n  a c r y s t a l  a r e  e x c i t e d  by 
some c o n t i n u o u s  s o u r c e ,  u s u a l l y  an a b s o r p t i o n  l i n e  w i l l  a p p e a r  on t h e  
c o n t i n u o u s  b a c k g ro u n d .  I f  t h e  c r y s t a l  i s  a t  a v e r y  low t e m p e r a t u r e ,  t h e  
e n e r g y  o f  t h e  e x c i t e d  s t a t e  i n  g e n e r a l  can  be d i r e c t l y  d e t e r m i n e d  by 
m e a s u r in g  t h e  wave number o f  t h e  a b s o r p t i o n  l i n e ,  s i n c e  i n  t h i s  c a s e  
i n i t i a l  p o p u l a t i o n  i n  any h i g h e r  s t a t e  can  be c o n s i d e r e d  n e g l i g i b l e .
Also when t h e  t e m p e r a t u r e  o f  t h e  sample i s  r e l a t i v e l y  h i g h ,  b r o a d e n i n g  
u s u a l l y  c a u s e s  t h e  i n d i v i d u a l  a b s o r p t i o n  l i n e  t o  become u n r e c o g n i z a b l e .
The i n s t r u m e n t s  r e q u i r e d  i n  t h i s  method a r e  b a s i c a l l y  a h i g h  r e s o l u t i o n  
s p e c t r o g r a p h  and a  c r y o g e n i c  c r y o s t a t .  F r e q u e n t l y  more s o p h i s t i c a t e d  
s p e c t r o g r a p h ,  i . e .  a s p e c t r o p h o t o m e t e r ,  i s  n e e d e d  to  g i v e  u s e f u l  r e s u l t s .
(b )  Emiss ion--W hen  t h e  e x c i t e d  i o n s  decay  from a h i g h e r  
e n e r g y  s t a t e  t o  a l ow e r  o n e ,  e l e c t r o m a g n e t i c  r a d i a t i o n  w i l l  be e m i t t e d .
As i n  t h e  c a s e  o f  a b s o r p t i o n ,  t h e  s h a r p n e s s  o f  t h e  e m i s s i o n  l i n e s  a r e  
d e p e n d en t  on t h e  t e m p e r a t u r e  o f  t h e  sample u n d e r  s t u d y .  U s u a l ly  a t  low 
t e m p e r a t u r e s  a f a i r l y  s h a r p  l i n e  i s  o b t a i n a b l e .  C o n t r a r y  to  t h e  a b s o r p ­
t i o n  m ethod ,  i n  which t h e  e n e r g y  scheme o f  t h e  e x c i t e d  s t a t e s  c a n  be 
d i r e c t l y  d e t e r m i n e d  by m e a s u r in g  t h e  wave numbers  o f  t h e  o b s e r v e d  
a b s o r p t i o n  l i n e s ,  h e r e  t r a n s i t i o n s  from one e x c i t e d  s t a t e  t o  s e v e r a l  
l ow er  s t a t e s  can  o c c u r  s i m u l t a n e o u s l y  c o m p l i c a t i n g  t h e  a n a l y s i s  o f  t h e  
s p e c t r a  even a t  v e r y  low t e m p e r a t u r e .  M oreove r ,  t r a n s i t i o n s  be tw een
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t h e s e  component s  may o v e r l a p  and c o n f u s e  t h e  p i c t u r e  even more .  The 
p rob lem  o f  o b t a i n i n g  a c o n s i d e r a b l e  i n t e n s i t y ,  i n  t h i s  c a s e ,  i s  l e s s  
f o r m i d a b l e  t h a n  t h a t  o f  t h e  a b s o r p t i o n  s p e c t r a .  M os t ly  i t  c an  be 
a c h i e v e d  by means o f  a s t r o n g  e x c i t i n g  s o u r c e  o r  l o n g e r  e x p o s u r e  t ime 
i f  t h e  s p e c t r u m  i s  t a k e n  p h o t o g r a p h i c a l l y .  The main i n s t r u m e n t s  ne e ded  
i n  t h i s  c a s e  a r e  a g a in  s p e c t r o g r a p h s  o r  s p e c t r o m e t e r s ,  e r o g e n i c  c r y o s t a t .  
I n  a d d i t i o n ,  some good o p t i c a l  f i l t e r s  w i l l  be a l s o  n e c e s s a r y  so t h a t  
t h e  s c a t t e r e d  l i g h t  can  be m in im iz e d  t o  a n e g l i g i b l e  d e g r e e .
( c )  T h e r m o l u m i n e s c e n c e - - I f  an i o n i c  c r y s t a l  i s  i r r a d i a t e d  
w i t h  i o n i z i n g  r a d i a t i o n  and t h e n  h e a t e d ,  e m i s s i o n  o f  l i g h t  as  a f u n c t i o n
3 +
o f  t e m p e r a t u r e  w i l l  u s u a l l y  o c c u r  (g low  c u r v e ) .  T h i s  e m i s s i o n  i n  RE 
doped CaF^ i s  due t o  t r a p p e d  h o l e s  c r e a t e d  d u r i n g  t h e  X - i r r a d i a t i o n ,  
t h a t  a r e  r e l e a s e d  t h e r m a l l y  and r ecom bine  w i t h  e l e c t r o n s  on t h e  i o n s .
By m e a s u r in g  t h e  s p e c t r a l  c o m p o s i t i o n  o f  t h e  e m i s s i o n  and t h e  t e m p e r a ­
t u r e s  a t  which  e m i s s i o n s  t a k e  p l a c e ,  i n f o r m a t i o n  r e g a r d i n g  t h e  e n e rg y  
s t r u c t u r e  o f  t h e  i o n  and t h e  t y p e  o f  k i n e t i c s  i n v o l v e d  i n  t h e  r e c o m b in a ­
t i o n  can  be o b t a i n e d .  I n  t h i s  c a s e ,  t h e  i n s t r u m e n t s  r e q u i r e d  a r e  s i m i l a r  
to  t h a t  o f  t h e  e m i s s i o n  method e x c e p t  a more a c c u r a t e  h e a t i n g  s y s te m  -  
namely a c r y o g e n i c  c r y o s t a t  w i t h  i n t e r n a l  h e a t i n g  d e v i c e  -  i s  n e e d e d .
(d )  EPR—When a sy s te m  o f  e l e c t r o n  s p i n s  i s  p l a c e d  i n  a 
u n i f o r m ,  s t a t i c  m a g n e t i c  f i e l d  w i t h  a n o t h e r  o s c i l l a t i n g  m a g n e t i c  f i e l d  
p e r p e n d i c u l a r  t o  t h e  s t a t i c  o n e ,  t r a n s i t i o n s  be tw een  e n e rg y  s t a t e s  
c a u s e d  by t h e  o s c i l l a t i n g  m a g n e t i c  f i e l d  w i l l  u s u a l l y  l e a d  to  e m i s s i o n  
o r  a b s o r p t i o n  o f  p h o t o n s  o f  low e n e rg y  (mic rowave  f r e q u e n c y ) .  M easur ing  
t h e  r e s o n a n c e  f r e q u e n c y ,  i n f o r m a t i o n  r e g a r d i n g  t h e  Zeeman s p l i t t i n g  as
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w e l l  as  t h e  g - f a c t o r  o f  c e r t a i n  e n e rg y  s t a t e s  can  be r e a d i l y  o b t a i n e d .  
S i n c e  t h e  p o p u l a t i o n  i n  t h e  e x c i t e d  s t a t e s  i s  u s u a l l y  low,  t h e  a p p l i c a t i o n  
o f  EPR, i n  g e n e r a l ,  i s  l i m i t e d  t o  t h e  s tu d y  o f  t h e  g ro u n d  s t a t e  o n l y .
The e s s e n t i a l  i n s t r u m e n t s  i n  t h i s  c a s e  a r e  h i g h  power e l e c t r o m a g n e t  
and microwave d e t e c t i n g  f a c i l i t i e s .
( e )  IRQC— T h is  method i s  r e f e r r e d  to  o f t e n  as  ' t w o - s t e p s  
e x c i t a t i o n ' .  The i o n s  u n d e r  s tu d y  a r e  f i r s t  r a i s e d  i n t o  a m e t a s t a b l e  
s t a t e  by a s t r o n g  i n f r a r e d  s o u r c e ,  an i n t e n s e  o p t i c a l  pump such  as  a 
l a s e r  t h e n  f u r t h e r  e x c i t e s  them i n t o  a h i g h e r  e n e rg y  l e v e l  f rom which  
e m i s s i o n  t a k e s  p l a c e .  A l a r g e  e n e rg y  gap  be tw een  t h e  f l u o r e s c e n t  l e v e l  
and t h e  n e x t  lower  l e v e l  i s  e s s e n t i a l  f o r  t h e  s u c c e s s f u l  a p p l i c a t i o n
o f  t h i s  m ethod ,  as  o t h e r w i s e  n o n r a d i a t i v e  t r a n s i t i o n s  dom ina te  t h e  decay  
and no a p p r e c i a b l e  e m i s s i o n  would be  o b s e r v e d .  I t  i s  a l s o  p o s s i b l e  to  
pump t h e  i o n s  from a low e r  s t a t e  t h r o u g h  s e v e r a l  s t e p s  t o  a much h i g h e r  
s t a t e —m u l t i - p h o t o n  p r o c e s s .  To a c h ie v e  t h i s ,  however ,  a more p o w e r fu l  
e x c i t i n g  s o u r c e  i s  n e e d e d .
( f )  Lum inescence  E x c i t a t i o n — I n  t h i s  m e thod ,  t h e  i o n s  
u n d e r  s t u d y  a r e  i r r a d i a t e d  c o n t i n u o u s l y  w i t h  d i f f e r e n t  monochromat ic  
l i g h t  which  i s  ' s u p p l i e d '  by a m onochrom ato r .  I n  t h e  p r e s e n t  work,  t h e  
e x c i t i n g  l i g h t  c o v e r s  t h e  r a n g e  from 250C$ t o  6000&. When t h e  i o n s  
a r e  e x c i t e d  w i t h  p r o p e r  e x c i t i n g  e n e r g y ,  a b s o r p t i o n  t r a n s i t i o n  be tw een  
t h e  g ro u n d  s t a t e  E^ and an e x c i t e d  s t a t e  E^ o c c u r s  a s  shown i n  F i g .  2 - 3 .  
F o l lo w in g  t h i s ,  t h e  i o n s  f i r s t ,  p r e s u m a b ly  t h r o u g h  some c a s c a d e  o r  
n o n r a d i a t i v e  p r o c e s s ,  decay  to  an i n t e r m e d i a t e  s t a t e  E^ from which
t h e  t r a n s i t i o n  g i v i n g  r i s e  to  t h e  e m i s s i o n  t h e n  t a k e s  p l a c e .  I n  t h e









F i g .  2 - 3 .  S u g g e s t e d  p r o c e s s  o f  lu m in e s c e n c e  e x c i t a t i o n
*
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p r e s e n t  i n v e s t i g a t i o n ,  t h i s  e m i s s i o n  i s  i n  t h e  g r e e n  r e g i o n  f o r  b o t h  
3+ _ 3+
CaF^rHo and C aF^Sm  c r y s t a l s .  By d e t e r m i n i n g  t h e  wave numbers  o f  
t h e  c o r r e s p o n d i n g  e x c i t i n g  l i g h t ,  t h e  e n e r g y  scheme o f  t h e  e x c i t e d  
l e v e l s  can  be d i r e c t l y  o b t a i n e d .  Th i s  i s  so i f  t h e  e x p e r i m e n t s  a r e  
c a r r i e d  o u t  a t  s u f f i c i e n t l y  low t e m p e r a t u r e s ,  o t h e r w i s e  some e x c i t e d  
s t a t e s  o t h e r  t h a n  t h e  g ro u n d  s t a t e  a r e  s t i l l  p o p u l a t e d  and t r a n s i t i o n s  
from t h e s e  s t a t e s  c a n n o t  be  n e g l e c t e d .  The g r e e n  e m i s s i o n  i n  t h e  p r e s e n t  
work t h e n  c o u l d  be v iew ed  as  an i n d i c a t i o n  t h a t  t h e  a p p r o p r i a t e  
a b s o r p t i o n  to o k  p l a c e .
3"b 3"b2 - 4  The S p e c t r a  o f  Ho and Sm i n  CaF^
A s u r v e y  o f  t h e  o b s e r v e d  s p e c t r a  and e n e r g y  l e v e l s  o f  r a r e
e a r t h  i o n s  i n  c r y s t a l s  h a s  been  g i v e n  by Dieke e t  a l .  [ 2 - 3 0 ] .  I n  t h a t
work ,  t h e  a u t h o r  h a s  i n c l u d e d  an e x t e n s i v e  l i s t  o f  r e f e r e n c e s  d a t i n g  as
f a r  b a c k  as  1906. The d i s c u s s i o n  i n  t h e  p r e s e n t  s e c t i o n  w i l l  t h e r e f o r e
3~b 3~bbe l i m i t e d  to  t h e  s p e c t r a  o f  Ho and Sm i n  CaF^ c r y s t a l  o n l y .  
f \ 3+[ a )  C aF^H o — The f i r s t  r e p o r t  on lu m i n e s c e n c e  s p e c t r u m
3~f~
o f  Ho i n  CaF^ c r y s t a l  was made by S t e p a n o v  and F e o f i l o v  [ 2 - 3 1 ] .  I n  
t h e  g r e e n  s p e c t r a l  r e g i o n  t h e s e  a u t h o r s  o b s e r v e d  two t y p e s  o f  s p e c t r a
from c r y s t a l s  grown u n d e r  o x i d i z i n g  o r  r e d u c i n g  c o n d i t i o n s .  Hayes
+3 ~\~2
and T w i d e l l  [ 2 - 3 2 ]  have  i n v e s t i g a t e d  t h e  r e d u c t i o n  o f  Ho to  Ho
ions in CaF^ crystals by means of irradiation, they claimed that only 
3~b
Ho i o n s  t h a t  o c c u r  a t  c u b i c  s i t e s  a r e  r e d u c e d  by r a d i a t i o n .  C o n v e r s io n  
o f  t r i v a l e n t  r a r e  e a r t h  i o n s  i n t o  d i v a l e n t  s t a t e  i n  CaF^ by means o f  
Y - i r r a d i a t i o n  h a s  b e e n  s t u d i e d  by K i s s  and h i s  a s s o c i a t e s  [ 2 - 3 3 ] .  L a t e r
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a s i m i l a r  i n v e s t i g a t i o n  h a s  been  c a r r i e d  o u t  by S a b i s k y  [ 2 - 3 4 ] .  Hayes e t  
a l .  [ 2 - 3 5 ]  have  f u r t h e r  s t u d i e d  t h e  e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r a  o f
j  |
Ho i n  CaF^ a t  4 K. No r e s o n a n c e  was o b s e r v e d  a t  t h e  K b a n d .  I t  was
+3 3+
s u g g e s t e d  t h a t  t h e  g ro u n d  s t a t e  o f  Ho i s  a n o n - s p l i t  s t a t e  and hence  Ho
i s  d i a m a g n e t i c .  L a t e r ,  a more e x t e n s i v e  i n v e s t i g a t i o n  o f  t h e  r e s o n a n c e
s p e c t r a  h a s  been  c a r r i e d  o u t  by Weber and B i e r i g  [ 2 - 3 6 ] .  They s u g g e s t e d
3+ 2t h a t  t h e  g ro u n d  s t a t e  o f  Ho i n  CaF^ i s  a n o n - s p l i t  s t a t e ,  and t h e
3
f i r s t  e x c i t e d  s t a t e  i s  a s t a t e .  They a l s o  e s t i m a t e d  t h a t  t h e  o v e r - a l l
c r y s t a l - f i e l d  s p l i t t i n g  o f  t h e  g ro u n d  s t a t e  ^ Ig  o f  t h e  f r e e  i o n  i s  abou t
450 cm ■*". K a p ly a n s k i  and Medvedev [ 2 - 3 7 ]  have  s t u d i e d  t h e  e f f e c t  o f
3"f o
m e c h a n ic a l  d e f o r m a t i o n  on t h e  a b s o r p t i o n  s p e c t r a  o f  C a F ^ H o  a t  42 K.
S i x  a b s o r p t i o n  l i n e s  i n  t h e  4480^  t o  4590^  r e g i o n  were o b s e r v e d .  The
3+
e x i s t e n c e  o f  t h r e e  t y p e s  o f  l o c a l  c r y s t a l  f i e l d s  i n  which  t h e  Ho i o n s  a r e  
s i t u a t e d  i n  t h e  CaF^ l a t t i c e  h a s  been e s t a b l i s h e d  by d e f o r m a t i o n -
3+
s p l i t t i n g  o f  t h e  s p e c t r a l  l i n e s .  S t i m u l a t e d  e m i s s i o n  o f  Ho i n  CaF^ 
h a s  been  i n v e s t i g a t e d  i n  t h e  5460& t o  5 5 4 0 ^  s p e c t r a l  r e g i o n  by Voron 'k o
e t  a l .  [ 2 - 3 8 ] .  The o b s e r v e d  s p e c t r a l  l i n e s  were a s s i g n e d  to  t h e
5 5 3+S^ * I g  t r a n s i t i o n  o f  Ho i n  t h e  h o s t  l a t t i c e .  Loh [2 -39  and 2 - 4 0 ]
N N - lh a s  made an e x t e n s i v e  i n v e s t i g a t i o n  on t h e  4 f  -  4 f  5d s p e c t r a  o f
d oub ly  and t r i p l y  i o n i z e d  r a r e  e a r t h s  i n  CaF . - I t j v a s  found  t h a t ,  u n l i k e
N N N - lt h e  s i t u a t i o n  i n  t h e  s h i e l d e d  4 f  c o n f i g u r a t i o n ,  t h e  4 f  +* 4 f  5d
t r a n s i t i o n s  o f  r a r e  e a r t h  i o n s  i n  CaF^ a r e  v e r y  much d i f f e r e n t  f rom
t h o s e  o f  f r e e  i o n s .  The l o w e s t  4 f - 5 d  t r a n s i t i o n s  were  a l s o  m e a s u r e d .
I t  was s u g g e s t e d  t h a t  i n  c o m p a r i s o n  to  f r e e  i o n  t h e  e n e r g y  o f  t h e s e
l o w e s t  t r a n s i t i o n s  were l o w e re d  by a p p r o x i m a t e l y  18000 cm  ̂ i n  t h e
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c r y s t a l  e n v i r o n m e n t .  Employing  I n f r a re d  Quantum C o u n t e r  A c t io n  (IRQC),
E s t e r o w i t z  and Noonan [ 2 - 4 1 ]  have  s u g g e s t e d  a p o s s i b l e  e n e rg y  l e v e l
3+ -1d iag ram  o f  Ho i n  CaF^ i n  t h e  e n e rg y  r an g e  be low 48000 cm . L a t e r
o n ,  a s i m i l a r  i n v e s t i g a t i o n  h a s  been  c a r r i e d  o u t  by Brown [ 2 - 4 2 ] .  A
34-
p r e l i m i n a r y  s t u d y  o f  t h e  thermo lu m i n e s c e n c e  s p e c t r a  o f  Ho i n  CaF
h a s  been  made by Merz [ 2 - 4 3 ] .  A common e n e rg y  s h i f t  o f  t h e  s p e c t r a l
l i n e s  a r i s i n g  from t e m p e r a t u r e  e f f e c t  was r e p o r t e d  by t h e  a u t h o r .
E r s h o v  e t  a l .  [ 2 -4 4  and 2 - 4 5 ]  have  s t u d i e d  tw o - p h o to n  a b s o r p t i o n  i n  
3 +
CaF^.'Ho c r y s t a l  p r e s e n t i n g  a r e l a t i v e l y  p o o r l y  r e s o l v e d  a b s o r p t i o n
s p e c t r u m  i n  t h e  4000 t o  30000 cm  ̂ r a n g e .  By employ ing  t h e  method o f
3~b 3"be x c i t a t i o n  e n e rg y  t r a n s f e r  f rom E r  t o  Ho i n  CaF^ t h e  c o n c e n t r a t i o n  
and t e m p e r a t u r e  dependence  o f  t h e  e n e rg y  l e v e l s  have  been  i n v e s t i g a t e d  
by V o r o n ' k o  e t  a l .  [ 2 - 4 6 ] .  A p o s s i b l e  e n e r g y  t r a n s f e r  mechanism was 
d i s c u s s e d .  A d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  
t h e  t h e r m o l u m i n e s c e n t  §p.ow p e a k s  a t  d i f f e r e n t  t e m p e r a t u r e s  h a s  been  
c a r r i e d  o u t  by S c h l e s i n g e r  and Whippey [ 2 - 4 7 ] .  The g e n e r a l  e f f e c t  o f  
t h e  c r y s t a l  f i e l d  on t h e  e n e rg y  l e v e l s  o f  t h e  r a r e  e a r t h  i o n s  and a 
p o s s i b l e  mechanism o f  t h e r m o lu m in e s c e n c e  were d i s c u s s e d .  By employ ing
b o t h  s p e c t r o s c o p i c  and i o n i c  c o n d u c t i v i t y  m ethods  Popov e t  a l .  [ 2 -48  to
3~b2 - 5 2 ]  have  s t u d i e d  t h e  o p t i c a l  c e n t r e s  i n  C a F ^ H o  c r y s t a l .  C o n c e n t r a t i o n  
dependence  o f  t h e  l u m in e s c e n c e  s p e c t r a  have  a l s o  been  s t u d i e d .
(b )  C a F ^ S n f 5 - -A s  i n  t h e  c a s e  o f  CaF^JHo^ , t h e  f i r s t
35~r e p o r t  o f  t h e  l u m i n e s c e n c e  s p e c t r u m  o f  Sm i n  CaF^ was g i v e n  by 
S t e p a n o v  and F e o f i l o v  [ 2 - 3 1 ] .  I n  t h i s  c a s e  t h e  s p e c t r a l  r e g i o n  u n d e r  
s t u d y  e x t e n d e d  from t h e  g r e e n  to  t h e  i n f r a r e d  r e g i o n .  Again two t y p e s
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o f  s p e c t r a  were o b s e r v e d  from c r y s t a l s  grown u n d e r  d i f f e r e n t  c o n d i t i o n s .
3 +
With  w h i t e  l i g h t  i r r a d i a t i o n ,  f l u o r e s c e n c e  s p e c t r a  o f  CaF^rSm. i n  t h e
5600$. -  7200$ s p e c t r a l  r e g i o n  h a s  been  o b s e r v e d  by T h e i s s i n g  e t  a l .
[ 2 - 5 3 ] .  A p r e l i m i n a r y  a n a l y s i s  o f  t h e  two t y p e s  o f  f l u o r e s c e n c e  s p e c t r a
r e p o r t e d  by S t eponov  e t  a l .  [ 2 - 3 1 ]  h a s  been  done by R a b b i n e r  [ 2 - 5 4 ] .
I t  was s u g g e s t e d  by him t h a t  s p e c t r u m  I I  o r i g i n a t e s  f rom t h e  l o w e s t  
4
f l u o r e s c e n t  s t a t e  F ^ a n d  t h a t  s p e c t r u m  I  o r i g i n a t e s  f rom t h e  s econd
4
lo w e s t  f l u o r e s c e n t  s t a t e  '*j0W [ 2 - 5 5 ]  h a s  m easu red  t h e  g - f a c t o r s
3+
i n  t h e  t e t r a g o n a l  s p e c t r u m  o f  Sm i n  CaF^.  The p a r a m a g n e t i c  r e s o n a n c e  
s p e c t r a  h a s  been  a l s o  s t u d i e d  by Weber and B i e r i g .  [ 2 - 3 6 ] .  I t  was 
found  t h a t  t h e  t e t r a g o n a l  and t r i g o n a l  c r y s t a l  f i e l d s  have  c a u s e d  
l a r g e  p e r t u r b a t i o n  on t h e  c u b i c - f i e l d  e n e rg y  l e v e l s .  By employ ing
U V - i r r a d i a t i o n  Ewanizky [ 2 - 5 6 ]  h a s  a c h i e v e d  t h e  p r o d u c t i o n  o f  c o l o r
3~b 3~bc e n t r e s  i n  t h e  CaF^.’Sm c r y s t a l  c o n t a i n i n g  Y . A c h a r g e  t r a n s f e r
+3 +3mechanism be tw e en  Sm and Y was p r o p o s e d  by t h e  a u t h o r  t o  a c c o u n t
3 +
f o r  h i s  r e s u l t s .  P o l a r i z a t i o n  s t u d y  o f  f l u o r e s c e n c e  from C aF^Sm  
c r y s t a l  h a s  b e e n  done by Ewanizky e t  a l .  [ 2 - 5 7 ] .  Two t y p e s  o f  s p e c t r a  
a s s o c i a t e d  w i t h  e i t h e r  t e t r a g o n a l  o r  t r i g o n a l  c r y s t a l  f i e l d  were
3+
d i s c u s s e d .  I n  t h e  same work on C aF^H o , Loh [2 -39  and 2 - 4 0 ]  has
N N - l  3+
a l s o  made an i n v e s t i g a t i o n  o f  t h e  4 f  -  4 f  5d t r a n s i t i o n s  i n  Sm
and some o t h e r  r a r e  e a r t h  i o n s  i n  CaF^ c r y s t a l .  S i m i l a r  c o n c l u s i o n s
3+
as  g i v e n  i n  t h e  c a s e  o f  CaF^.'Ho were  o b t a i n e d .  A p r e l i m i n a r y  s t u d y
3 +
o f  t h e  t h e rm o lu m in e s c e n c e  s p e c t r a  o f  Sm i n  CaF^ have  been  made by
Merz and P e r s h a n  [ 2 - 5 8 ] .  They a t t r i b u t e d  t h e  o b s e r v e d  s p e c t r a  l i n e s
4  6  4 6
t o  F^ 2  “ H7 / 2  and F$ / 2  “ H5 / 2  t r a n s i t i o n s * R a b b i n e r  [ 2 - 5 9 ]  h a s
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s t u d i e d  t h e  t e t r a g o n a l  c r y s t a l  f i e l d  s p l i t  e n e rg y  l e v e l  s t r u c t u r e  o f  
Sm i n  CaF^.  T h e o r e t i c a l  e n e r g y  l e v e l  scheme was d e r i v e d  by employ ing  
p e r t u r b a t i o n  t h e o r y .  D e v i a t i o n  o f  t h e  t h e o r e t i c a l  v a l u e s  and t h e  
e m p i r i c a l  d a t a  was found  to  be w i t h i n  40 cm  ̂ f o r  1 0  o f  t h e  1 2  c r y s t a l  
f i e l d  e n e rg y  l e v e l s  o f  t h e  g ro u n d  H m u l t i p l e  s t a t e s .
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CHAPTER I I I
CALCULATION OF ENERGY LEVELS OF FREE Sm3+ and Hq3+ IONS
3-1  I n t r o d u c t o r y  Remarks
The methods  o f  c a l c u l a t i n g  t h e  e n e rg y  l e v e l s  o f  complex
sy s te m s  such  as  r a r e  e a r t h  i o n s  have  been  d e v e lo p e d  e x t e n s i v e l y  i n
t h e  p a s t  [3 -1  to  3 - 1 4 ] .  As i n  a l l  quantum m e c h a n ic a l  c a l c u l a t i o n s
o f  complex s y s t e m s ,  t h e  t h e o r y  s t a r t s  w i t h  a sy s te m  which  i s  s u f f i c i e n t l y
s i m p l i f i e d  by t h e  o m i s s i o n  o f  c e r t a i n  t e rm s  i n  t h e  H a m i l t o n i a n  so t h a t
i t s  p r o p e r t i e s  a r e  o b t a i n e d  w i t h o u t  undue  c o m p l i c a t i o n s .  Such i s  t h e
s o - c a l l e d  z e ro  o r d e r  a p p r o x i m a t i o n  which i s  c h a r a c t e r i z e d  by t h e
H a m i l t o n i a n  Ho w i t h  t h e  e n e r g i e s  ^ ( n )  and w a v e f u n c t i o n s  ^ ( n ) .  I n
t h i s  a p p r o x i m a t i o n ,  t h e  4 f  e l e c t r o n s  o f  t h e  r a r e  e a r t h  i o n s  a r e
c o n s i d e r e d  to  be i n  a c e n t r a l  f i e l d  p r o d u c e d  by t h e  n u c l e u s  and t h e
54 e l e c t r o n s  i n  t h e  c o m p l e t e d  X e n o n - c o n f i g u r a t i o n ,  n e g l e c t i n g  a l l
o t h e r  i n t e r a c t i o n s .  These 4 f  e l e c t r o n s  a r e ,  t h e r e f o r e ,  c o m p l e t e l y
i n d e p e n d e n t  o f  each  o t h e r  and t h e  e n e rg y  o f  t h e  i o n  does  n o t  depend
on t h e  r e l a t i v e  o r i e n t a t i o n s  o f  t h e i r  o r b i t ,  i . e .  i n d e p e n d e n t  o f  t h e
Nquantum number L. A l l  s t a t e s  o f  a g i v e n  4 f  c o n f i g u r a t i o n  have  t h e
14same e n e r g y  and t h e  t o t a l  d e g e n e r a c y ,  i n  t h i s  c a s e ,  i s  CN .
Interactions arising from other than the central field, 
t a k e n  as  p e r t u r b a t i o n s ,  a r e  t h e n  added s u c c e s s i v e l y  to  t h e  z e ro  o r d e r  
H a m i l t o n i a n  Ho. When t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  be tw een  e l e c t r o n s
2-4
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and s p i n - o r b i t  i n t e r a c t i o n  o f  t h e  same e l e c t r o n  a r e  t a k e n  i n t o  
c o n s i d e r a t i o n ,  some o f  t h e  d e g e n e r a c y  w i l l  be removed and i f  t h e  i o n  
i s  p l a c e d  i n  a c r y s t a l  f i e l d  f u r t h e r  d e g e n e r a c y  w i l l  be removed.  By 
a p p l y i n g  f i n a l l y  an e x t e r n a l  m a g n e t i c  f i e l d  (Zeeman e f f e c t )  a l l  t h e  
d e g e n e r a c y  may be removed.  The t o t a l  H a m i l to n i a n  o f  t h e  s y s te m  u n d e r  
c o n s i d e r a t i o n  may t h e n  be w r i t t e n  as
H = H +  H + H +  H +  H.o 1 2 3 4
N . 2 „ N 2 N
=  £  t-- ~  VT + U ( y . ) l +  £  —  +  £  e ( Y . ) S . f .L 2m i  '  i /  J . . Y. . b l  l  ll - l  i > j  i j  i - l
+  £  B k (C ( k ) ) .  + (L +  2S) K  ( 3 - 1 )
k q i  ^ ^
I n  ( 3 - 1 )  some o t h e r  i n t e r a c t i o n s  such as  c o n f i g u r a t i o n -
i n t e r a c t i o n ,  o r b i t - o r b i t ,  s p i n - o t h e r  o r b i t ,  s p i n - s p i n ,  e l e c t r o n - n u c l e a r
m a g n e t i c  moment i n t e r a c t i o n ,  and r e l a t i v i s t i c  e f f e c t s  e t c .  a r e  l e f t
o u t ,  s i n c e  t h e i r  e f f e c t  i s  u s u a l l y  r e l a t i v e l y  s m a l l  as  compared w i t h
t h o s e  t e r m s  p r e s e n t  i n  t h e  e x p r e s s i o n .  W ith  t h i s  a p p ra o c h ,  some
5 10r e l e v a n t  p r o p e r t i e s  o f  t h e  4 f  and 4 f  c o n f i g u r a t i o n s  a r e  g i v e n  i n  
T a b le  3-1 and T a b le  3 -2  r e s p e c t i v e l y .
F o r  f r e e  i o n s ,  o n l y  t h e  f i r s t  t h r e e  t e rm s  i n  ( 3 - 1 )  a r e
needed to be taken into consideration. The first term arising
f rom t h e  c e n t r a l  f i e l d  a p p r o x i m a t i o n ,  c o n t r i b u t e s  a common e n e rg y  
s h i f t  t o  a l l  t h e  l e v e l s  i n  a g i v e n  c o n f i g u r a t i o n  w i t h o u t  a f f e c t i n g  
t h e  r e l a t i v e  e n e rg y  l e v e l  s t r u c t u r e .  T h e r e f o r e ,  as  f a r  as  t h e  e n e rg y

















3 +Table 3-1 Some Relevant Properties of Sm
Central Field Electrostatic Spin-Orbit Crystal Field Magnetic Field
Hamiltonian
X
e 2 s  -—. . Y. .1>J 1J
E s Cy .K.S. . ^ 1 1 1 1
E Bk(C^k)). 
kqi q q 1
(L + 2S) 5C
Number of Levels 1 73 198 1001 (max.) 2002
State Label ^ ( n ) ^ ( L S ) t 2(LSJ) t 3(r) t 4(pr)
Degeneracy S ' 4 (2L+1)(2S+1) (2J+1) 2 (min.) i
Table 3-7 Some Relevant Properties of Ho 3+
Central Field Electrostatic Spin-Orbit Crystal Field Magnetic Field





E?(y .M .S.. ̂  1 X I  1
E Bk (C ^k^) 
kqi q q 1
(L +  2S) 3C
Number of Levels 1 47 107 1001 (max.) 1001
State Label *„(») ^ ( L S ) t 2(LSJ^ t 3(r) t 4(nr)
Degeneracy V 4 (2L+1)(2S+1) (2J+1) 1 (min.) i
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s t r u c t u r e  i s  c o n c e r n e d ,  o n l y  t h e  m a t r i x  e l e m e n t s  o f  t h e  p e r t u r b a t i o n  
H a m i l t o n i a n s  and a r e  t o  be e v a l u a t e d .
3 - 2  C l a s s i f i c a t i o n  o f  S t a t e s
The c a l c u l a t i o n  o f  t h e  m a t r i x  e l e m e n t s  o f  t h e  p e r t u r b a t i o n  
H a m i l t o n i a n s  i s  f a c i l i t a t e d  by f i n d i n g  a c o m p le te  s e t  o f  b a s i s  s t a t e s  
(LS t e rm s)  i n  some w e l l  d e f i n e d  c o u p l i n g  scheme.  I n  some c a s e s ,  how­
e v e r ,  none o f  t h e  w e l l - d e f i n e d  c o u p l i n g  schemes w i l l  f i t  t h e  a c t u a l  
p h y s i c a l  s y s te m  u n d e r  s t u d y .  I n  such  c a s e s  t h e  m a t r i x  e l e m e n t s  a r e  
f r e q u e n t l y  c a l c u l a t e d  i n  t e r m s  o f  t h e  b a s i c  s t a t e s  o f  some w e l l - d e f i n e d  
c o u p l i n g  scheme and t h e n  t r a n s f o r m e d  i n t o  t h e  a c t u a l  c o u p l i n g  scheme 
i n  a l a t e r  s t a g e .  I n  r a r e  e a r t h  i o n s ,  e s p e c i a l l y  f o r  t h e  h e a v i e r  o n e s ,
3+ 3~f
such  as  Sm and Ho n e i t h e r  L-S c o u p l i n g  n o r  j - j  c o u p l i n g  can  g i v e  
s a t i s f a c t o r y  r e s u l t s .  T h e i r  m a t r i x  e l e m e n t s  o f  t h e  e l e c t r o s t a t i c  and 
s p i n - o r b i t  i n t e r a c t i o n s  a r e  t h e r e f o r e  c a l c u l a t e d  w i t h  f i r s t  a p p ly i n g  
t h e  L-S c o u p l i n g  and s u b s e q u e n t l y  d i a g o n a l i z i n g  t h e  combined m a t r i x  
e l e m e n t s  i n  i n t e r m e d i a t e  c o u p l i n g  scheme.
The b a s i c  s t a t e s  o f  a g i v e n  c o n f i g u r a t i o n  can  u s u a l l y  be 
o b t a i n e d  by fo rm ing  a l l  t h e  p o s s i b l e  p a i r s  o f  quantum numbers
i  i
and Mg = £  which a r e  c o m p a t i b l e  w i t h  P a u l i ' s  E x c l u s i o n  P r i n c i p l e ,
i  i
and s e l e c t i n g  from them v a r i o u s  s e t s  o f  v a l u e s  c o r r e s p o n d i n g  t o  d e f i n e d  
LS terms. Using this method, the LS terms o£ the £^ and £ ^  configura­
t i o n s  may be o b t a i n e d  and t h e  r e s u l t s  a r e  g i v e n  i n  T a b le  3 - 3 .

















T a b l e  3 - 3  LS Terms o f  f~* and C o n f i g u r a t i o n
C o n f i g u r a t i o n  LS Terms
T o t a l  Number 
o f  LS Terms
f 5  2P D F G H I K L M N O  4S P D F G H I K L M  7 3
4 5 7 6 7 5 5 3 2 1 1  1 2 3 4 4 3 3 2 1 1
6
P F H 
1 1 1
f 1 0  1S D F G H I  K L N 3P D F G H I  K L M 5S D F G I  . 47
4 1 4 2 3 1 2 1  3 2 4 3 4 2 2 1 1  1 1 1 1 1
IOoo
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F o r  e a c h  LS t e r m ,  t h e  t o t a l  a n g u l a r  momentum J  can  be d e t e r m i n e d  by
a p p l y i n g  t h e  L-S c o u p l i n g  r u l e .  The number o f  s t a t e s  w i t h  d i f f e r e n t
v a l u e s  o f  J  may be computed  when t h e  c o m b i n a t i o n  o f  t e r m s  c o r r e s p o n d i n g
to  i t  i s  known.  The r e s u l t s  f o r  f~* and f ^  c o n f i g u r a t i o n s  a r e  g i v e n
i n  Tab le  3 - 4  and T a b le  3 - 5 .  With  t h e  above app roa c h  o f  c l a s s i f y i n g
s t a t e s ,  d i f f i c u l t i e s  a r i s e  w i t h  r e s p e c t  t o  a un iq u e  l a b e l l i n g  scheme.
I n  v iew  o f  Tab le  3 - 3 ,  one can  s e e  t h a t  s e v e r a l  t e rm s  w i t h  t h e  same
LS v a l u e s  o c c u r  more t h a n  once  i n  a g i v e n  c o n f i g u r a t i o n .  I n  o r d e r  t o
d i s t i n g u i s h  t h o s e  t e r m s  h a v in g  t h e  same L and S v a l u e s ,  a d d i t i o n a l
quantum numbers  o t h e r  t h a n  L and S mus t  be  i n t r o d u c e d .  T h i s  w i l l  be
done as  f o l l o w s :
U s u a l l y  u n d e r  c e r t a i n  symmetry o p e r a t i o n ,  w a v e f u n c t i o n s  o f  
N
a s t a t e  f rom t h e  f  c o n f i g u r a t i o n  can  unde rgo  a l i n e a r  t r a n s f o r m a t i o n .  
The way a p a r t i c u l a r  s t a t e  t r a n s f o r m s  u n d e r  t h e  o p e r a t i o n  o f  a g i v e n  
t r a n s f o r m a t i o n  g ro u p  can  be d e s c r i b e d  by u s i n g  t h e  i r r e d u c i b l e  
r e p r e s e n t a t i o n s  o f  t h e  g ro u p  as  l a b e l .  These  i r r e d u c i b l e  r e p r e s e n t a ­
t i o n s  t h e n  can  p l a y  t h e  r o l e  o f  quantum num bers .  The p r o p e r t i e s  o f  
t h e  g r o u p s  a r e  a l s o  u s e d  to  s i m p l i f y  t h e  c a l c u l a t i o n s  o f  t h e  m a t r i x  
e l e m e n t s  o f  t h e  t e n s o r  o p e r a t o r s  t h a t  c o r r e s p o n d  to  t h e  i n t e r a c t i o n s
b e i n g  s t u d i e d .  Us ing  Group Theo ry ,  Racah [ 3 -3  to  3 - 6 ]  h a s  shown t h a t
N
t h e  c o m p le te  s e t  o f  LS t e r m s  o f  t h e  f  c o n f i g u r a t i o n s  may be f u r t h e r
c l a s s i f i e d  by i n t r o d u c i n g  t h e  quantum numbers  W = ( W W W )  and
U = (u^U^) such that 2 ^  W^ ^  W^ ^  W^ ^  0 and 2  > U ^ s  U ^ 2  0 .  With
t h e  e x c e p t i o n  o f  c e r t a i n  s t a t e s  w i t h  U =  (31)  and U = ( 4 0 ) ,  a l l  t h e  
N
s t a t e s  o f  t h e  4 f  c o n f i g u r a t i o n  t h u s  may be u n i q u e l y  s p e c i f i e d  by












































Doublet 46 4 9 12 13 13 12 TO 8 5 3 2 1 92
f5
Quartet 24 5 10 13 14 14 12 9 7 4 2 1 - 91
Sextet 3 1 2 3 3 2 2 1 1 - - - - 15
Total 73 10 21 28 30 29 26 20 16 9 5 3 1 198





TotalJ=0 1 2 3 4 5 6 7 8 9 10
Singlet 20 2 - 4 1 4 2 3 1 2 - 1 20
Triplet 22 3 5 9 9 11 9 8 5 4 2 1 66
f10 Quintet 5 1 2 4 3 4 3 2 1 1 - - 21
Total 47 6 7 17 13 19 14 13 7 7 2 2 107
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w r i t i n g  them as
f N T W U S L ) ( 3 - 2 )
where t i s  an a d d i t i o n a l  l a b e l  which i s  u s e d  t o  d i s t i n g u i s h  t h o s e
s t a t e s  which  rem a in  u n s e p a r a t e d .  Accord in g  t o  t h e  P a u l i  e q u i v a l e n c e
14-N
t h e o r e m ,  t h e  c l a s s i f i c a t i o n  o f  t h e  s t a t e s  o f  t h e  f  c o n f i g u r a t i o n
Ni s  i d e n t i c a l  w i t h  t h o s e  o f  f  c o n f i g u r a t i o n  and he nce  o n l y  t h e  s t a t e s
f o r  N ^  7 a r e  t o  be c o n s i d e r e d .  The c l a s s i f i c a t i o n  o f  s t a t e s  f o r  t h e  
5 10f  and f  c o n f i g u r a t i o n  a r e  g i v e n  i n  T a b le  3 -6  ( n o t e  t h a t  a c c o r d i n g l y  
we g i v e  i n  t h e  t a b l e  t h e  v a l u e s  f o r  N = 5 and 4 o n l y ) .
3 -3  F r a c t i o n a l  P a r e n t a g e
When t h e  e i g e n - v e c t o r s  o f  two e q u i v a l e n t  e l e c t r o n s  a r e  
c o u p l e d  w i t h  t h e  u s u a l  v e c t o r - c o u p l i n g  f o r m u l a s ,  t h e  r e s u l t i n g  e i g e n ­
f u n c t i o n s  a r e  n o t  a lways  a n t i - s y m m e t r i c .  Th i s  w i l l  depend on w h e t h e r
S +  l i s  even  o r  n o t .  I n  o r d e r  t o  a s s u r e  t h e  a n t i - s y m m e t r i c  p r o p e r t y
dN
o f  t h e  e i g e n f u n c t i o n s  o f  t h e  i c o n f i g u r a t i o n  t h e  c o n c e p t  o f  F r a c t i o n a l
P a r e n t a g e  h a s  been  f r e q u e n t l y  employed [ 3 -3  to  3 - 8 ] .  The e s s e n t i a l
nNp o i n t  o f  t h i s  a p p ro a c h  i s  t h a t  t h e  e i g e n f u n c t i o n s  o f  t h e  i c o n f i g u r a t i o n  
can  be e x p r e s s e d  i n  t e rm s  o f  p r o d u c t s  o f  t h e  e i g e n f u n c t i o n s  o f  t h e  
f i r s t  ( N - l )  e l e c t r o n s  w i t h  t h o s e  o f  t h e  Nth e l e c t r o n  as  f o l l o w s  ( s e e  
i n  p a r t i c u l a r  [ 3 - 6 ] ) :
W NaSL) = ij? ( ^ N _ 1  a  S L ) . 0  ( fSm^nig).  <'PN” 1( a  S L) I ;  SL |-fNaSL> ( 3 - 3 )
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Table  3 -6
C l a s s i f i c a t i o n s  o f  t h e  S t a t e s  o f  f 3  and f 3^ C o n f i g u r a t i o n s
N
*
V W U SL N
*
"V W U SL
5 5 ( n o ) (10) 6f 4 4 ( H I ) ( 0 Q) 5S
5 5 (110) (11) 6ph 4 4 ( H I ) (10) 5f
5 5 (211) (10) 4f 4 4 (111) (20) 5dgi
5 5 (211) (11) 4ph 4 4 (211) (10) 3f
5 5 (211) (20)
Ll
DGI 4 4 (211) ( I D 5 PH
5 5 (211) (21) 4dfghkl 4 4 (211) (20)
3
DGI
5 5 (211) (30) 4pfghikm 4 4 (211) (21) 3DFGHKL
5 3 (111) (oo) 4S 4 4 (211) (30) 3pfghikm
5 3 ( i l l ) (10) 4f 4 2 (110) (10) 3f
5 3 (111) (20) 4dgi 4 2 (110) (11) 3  PH
5 5 (221) (10) 2f 4 4 (220) (20) DGI
5 5 (221) (11) 2ph 4 4 (220) (21) 1DFGHKL
5 5 (221) (20) 2dgi 4 4 (220) (22) SDGHILN
5 5 (221) (21) 2dfghkl 4 2 (200) (20) DGI
5 5 (221) (30) 2pfghikm 4 0 (000) (oo) 1s
5 5 (221) (31) 2pdffghhiikklmno
5 3 (210) ( U )
2
PH
5 3 (210) (20)
2 DGI
5 3 (210) (21) 2DFGHKL
5 1 (100) (10) 2f
where v ,  t h e  s e n i o r i t y  number i s  n o t  an i n d e p e n d e n t  quantum number and 
e s s e n t i a l l y  i s  e q u i v a l e n t  t o  W as  f a r  as  t h e  l a b e l l i n g  o f  s t a t e s  i s  
c o n c e r n e d  [3-6 ] .
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where  cc s t a n d s  f o r  quantum numbers  o t h e r  t h a n  L and S and t h e  summation 
e x t e n d s  o v e r  a l l  s t a t e s  o f  t h e  c o m p le te  s e t  o f  t h e  ^   ̂ c o n f i g u r a t i o n .
The b a r r e d  s t a t e s  ^  o f  t h e  ^ c o n f i g u r a t i o n  a re  known as  t h e  p a r e n t s  
o f  t h e  s t a t e s  o f  t h e  c o n f i g u r a t i o n ,  0(1 s m̂  mg) i s  t h e  e i g e n f u n c t i o n  
o f  t h e  Nth  e l e c t r o n  and may be e x p r e s s e d  as
1 mf
0(<P s rnp mg) = -  .Y^  ( 9 , y )  . a  (mg) ( 3 - 4 )
The c o e f f i c i e n t s  ^ (aSL) -f j J>Li|-f  ̂ cgSL),  commonly a b b r e v i a t e d  as
< ^  | ?  >, a r e  known a s  t h e  c o e f f i c i e n t s  o f  f r a c t i o n a l  p a r e n t a g e  ( c f p )  
which  d e s c r i b e  how t h e  s t a t e  ^  i s  b u i l t  up from i t s  p a r e n t  s t a t e s  
They a r e  n o r m a l i z e d  and s a t i s f y  t h e  r e l a t i o n s h i p
_E_ <fN a gL | ' fN-:L(aBL)'P; SL ) .  <'PN_1 (abL)'P jSL|<PNa ' § L )  -  8 ( c t , a ' )  ( 3 - 5 )
a  SL ' 1
N
The c f p  f o r  a l l  t h e  s t a t e s  o f  t h e  f  c o n f i g u r a t i o n  f o r  N ^  7 have  been
c a l c u l a t e d  and t a b u l a t e d  [ 3 - 9 ] .  T h e r e f o r e  u s i n g  e q .  ( 3 - 3 ) ,  a l l  t h e
N
e i g e n f u n c t i o n s  o f  t h e  f  c o n f i g u r a t i o n  can be r e a d i l y  o b t a i n e d ,  i f  t h e
N - l
e i g e n f u n c t i o n s  o f  t h e  f  c o n f i g u r a t i o n  a r e  known.
3 - 4  M a t r i x  E le m e n ts
S i n c e  t h e  e l e c t r o s t a t i c  p a r t  o f  t h e  H a m i l t o n i a n  commutes
2 2w i t h  a n g u l a r  momentum o p e r a t o r s  L ,  S , J  and M , t h e  m a t r i x  e l e m e n t s  
o f  w i l l  be d i a g o n a l  i n  L and S and i n d e p e n d e n t  o f  J  and M^. S i m i l a r l y  
t h e  m a t r i x  e l e m e n t s  o f  t h e  s p i n - o r b i t  H a m i l t o n i a n  H^ w i l l  be d i a g o n a l
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in  J  and independen t o f  M^. In  g e n e r a l , th ey  can be w r i t t e n  as
2
E = <a SL | E j a '  SL ) ( 3 - 6 )
i > j  i j
and
E2 = (a  S L J |  £  i  ( y 1 ) |a* S • L> J )  ( 3 - 7 )
i
By u s i n g  t h e  method o f  Racah [ 3 - 6 ] ,  t h e  m a t r i x  e l e m e n t s  o f  ( 3 - 6 )  f o r  
N
t h e  f  c o n f i g u r a t i o n  have  been  c a l c u l a t e d  and may be e x p r e s s e d  i n  t e rm s
o f  t h e  S l a t e r  r a d i a l  i n t e g r a l s  as
3  v
E = £  e Ek ( 3 - 8 )
1 fc=o K
jc
where  t h e  E ' s  a r e  t h e  l i n e a r  c o m b i n a t i o n s  o f  t h e  F, ' s  namely
k
E° = F -  10 F -  33 F. -  286 F o 2 4 6
E 1 = (70 F +  231 F +  2002 F j / 9  
2 4 6
E2 = (F -  3 F4 + 7 F ) / 9
E3 = ( 5 F2 +  6 F4 -  91 Fg ) / 3  ( 3 - 9 )
k
and t h e  F, ' s  a r e  d e f i n e d  as
k/
' k  " o 'b  Y1>
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The e ^ ' s  a r i s i n g  from t h e  a n g u l a r  p a r t s  o f  t h e  o p e r a t o r s  a r e ,  i n  
g e n e r a l ,  m a t r i c e s .  The e l e m e n t s  o f  t h e s e  m a t r i c e s  may be c a l c u l a t e d  
by t h e  e x p r e s s i o n s  ( 6 3 ) ,  ( 6 9 ) ,  (74)  and (87)  o f  r e f e r e n c e  [ 3 - 6 ] .
The n u m e r i c a l  v a l u e s  o f  a l l  t h e  f a c t o r s  i n v o l v e d  i n  t h e  
c a l c u l a t i o n s  o f  e ^ ' s  have  been  g i v e n  and a r e  t a b u l a t e d  by Racah [ 3 - 6 ] .  
I f  r a d i a l  h y d r o g e n i c  wave f u n c t i o n s  a r e  assumed,  t h e n  t h e  r i g h t  hand 
s i d e  o f  e q .  ( 3 - 8 )  may be e x p r e s s e d  i n  t e r m s  o f  a s i n g l e  p a r a m e t e r  F^,  
namely
Ej_ =  C F 2  ( 3 -1 1 )
where  i s  a c o n s t a n t .
Using t h e  t e n s o r  o p e r a t o r  method  [3 -15  and 3 - 1 6 ] ,  t h e  
J - d e p e n d e n t  m a t r i x  e l e m e n t s  o f  t h e  s p i n - o r b i t  i n t e r a c t i o n  f o r  t h e  
f  c o n f i g u r a t i o n  c a n  be w r i t t e n  as
N N N 1 / 2
( f  a S u | £  £  (<f . s  ) | f  a ' S ' L ' J > = 3 N £ [ 1 4 ( 2 L + 1 ) ( 2 L '+ 1 ) ( 2 § + 1 ) ( 2  6 ' + 1 ) ]
x(-i)J+s+H { “ '}} r x/ff Aft 5' 1} (3-12)
T  2 2 /
where ^ ( a S L ) ^  a r e  t h e  p a r e n t  s t a t e s  o f  iKcgsl)* and Q, t h e  s p i n -  
o r b i t  r a d i a l  i n t e g r a l  i s  a c o n s t a n t  f o r  t h e  s t a t e s  o f  a g i v e n  
c o n f i g u r a t i o n  and i s  g i v e n  by
c =  f  ? ( y) .  R2  ( y ) d T ( 3 - 1 3 )




? ( y ) =  .0 1 .1 )
2m2 c^Y dy 
f  s  b c \The f a c t o r s  i n  t h e  form o f  ^  ^ a r e  6 - j  sym bols .  By e v a l u a t i n g  
t h e s e  6 - j  symbols  as  w e l l  as  t h e  m a t r i x  e l e m e n t s  i n  t h e  summation ,  t h e  
r i g h t  hand  s i d e  o f  e q .  ( 3 -1 2 )  may be e v e n t u a l l y  e x p r e s s e d  i n  t e rm s  o f
C as
E2  = C2  C ( 3 -1 4 )
where i s  a c o n s t a n t .
3 -5  I n t e r m e d i a t e  C o u p l in g
Adding ( 3 - 1 1 )  to  ( 3 - 1 4 ) ,  t h e  e n e rg y  m a t r i x  e l e m e n t s  o f
N
t h e  f  c o n f i g u r a t i o n ,  now can  be w r i t t e n  i n  t e rm s  o f  o n l y  two p a r a m e t e r s  
i . e .
<fN a  S L +  H2 | f N a '  S' L '  J> = ^  F 2  +  C£ Q ( 3 -1 5 )
where  F2  and Q a r e  d e f i n e d  by ( 3 -1 0 )  and ( 3 - 1 3 )  r e s p e c t i v e l y .  For
each value of J, an energy matrix with rank equal to the number of
s t a t e s  h a v in g  t h e  same J  o c c u r i n g  i n  t h e  c o n f i g u r a t i o n  ( a s  shown i n  
T a b le  3 - 4  and Tab le  3 -5 )  can  r e a d i l y  be fo rm ed .  Upon t h e  d i a g o n a l i z a t i o n  
o f  t h e s e  m a t r i c e s ,  a s e t  o f  e i g e n v a l u e s  and t h e  c o m p o s i t i o n s  o f  t h e
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c o r r e s p o n d i n g  e i g e n f u n c t i o n s  a r e  t h e n  o b t a i n e d  [1 -1  t o  1 - 2 ] .  From t h i s  
a  t h e o r e t i c a l  e n e rg y  l e v e l  scheme t h u s  c a n  be c o n s t r u c t e d  as shown i n  
F i g .  3 - 1 .
I n  t h i s  c a s e ,  t h e  e i g e n f u n c t i o n  $(a  J  MT) d e s c r i b i n g  t h e  
r e s u l t i n g  e n e r g y  s t a t e s  a r e  l i n e a r  c o m b i n a t i o n s  o f  t h e  | a  L $  ) s t a t e s  
w i t h  J  c o n s t a n t .
$(A J  M ) =  E c ( a  L S J ) .  i K a  S L J M )  ( 3 -16 )
ccLS J
where  A s e r v e s  t o  l a b e l  t h e  s t a t e  and C(a  L S J )  a r e  f r e q u e n t l y  
c o n s i d e r e d  as t h e  c o e f f i c i e n t  i n  t h e  l i n e a r  e x p a n s i o n .  S i n c e  t h e  
r e s u l t i n g  e i g e n f u n c t i o n  $ i s  fo rmed by t h e  a d m i x tu r e s  o f  d i f f e r e n t  
| a  L S) s t a t e s ,  s t r i c t l y  s p e a k i n g ,  t h e  e n e r g y  l e v e l s  o f  t h e  i o n  can  be 
l a b e l l e d  by t h e  quantum number J  o n l y .  The LS l a b e l l i n g ,  t h e r e f o r e ,  
can  o n l y  be t a k e n  as a l o o s e  i n d i c a t i o n  o f  t h e  p r e d o m i n a n t  component  
i n  t h e  c o m p o s i t i o n  o f  t h e  r e s u l t i n g  e i g e n f u n c t i o n .
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3 +




1 3+Fig. 3-1.  Calcula ted energy l eve ls  of  f ree  Ho and Sm
ions in the range of 17000 - 37000 cm"^.
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CHAPTER IV
Ho 3 +  AND Sm3+ IONS IN CRYSTAL ENVIRONMENT
4-1  F r e e  Ion  Energy  L e v e l s  S p l i t  i n  C r y s t a l  F i e l d
Fo r  a f r e e  i o n ,  a l l  d i r e c t i o n s  i n  space  a r e  p h y s i c a l l y  
e q u i v a l e n t  -  s p h e r i c a l  symmetry e x i s t s  and e a c h  l e v e l  i s  ( 2J  + l ) -  
f o l d  d e g e n e r a t e .  When t h e  i o n  i s  p l a c e d  i n  a c r y s t a l ,  u n d e r  t h e  
i n f l u e n c e  o f  t h e  c r y s t a l  f i e l d ,  t h e  s p h e r i c a l  symmetry i s  d e s t r o y e d  
and e a ch  l e v e l  m ig h t  s p l i t  i n t o  a number o f  S t a r k  Components .  The 
de g re e  t o  which  t h e  ( 2J  +  l ) - f o l d  d e g e n e r a c y  i s  removed depends  on 
t h e  symmetry p r o p e r t i e s  o f  t h e  c r y s t a l  f i e l d .  The c r y s t a l  f i e l d  i s  
u s u a l l y  assumed to  be a s t a t i c  e l e c t r i c a l  f i e l d  w i t h  a w e l l - d e f i n e d  
symmetry,  low er  t h a n  t h e  s p h e r i c a l  symmetry.
e n v i r o n m e n t  may be w r i t t e n  i n  t e r m s  o f  s p h e r i c a l  h a rm o n ic s  o r  t e n s o r  
o p e r a t o r s  as
The summation i s  o v e r  O^kgca, J qj^jk and where i  r u n s  o v e r  t h e  4 f  e l e c t r o n s
The e l e c t r o s t a t i c  p o t e n t i a l  V p ro d u ce d  by t h e  c r y s t a l
N
V = S S B  
i  kq
( 4 - 1 )
kof the ion. The coefficients B 's of the expansion are functions of
(k )r a d i a l  d i s t a n c e .  The C '  ' ' s  a r e  t h e  t e n s o r  o p e r a t o r s  d e f i n e d  as
39
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c q( k )  = ( i r r r ) U l  V (e> ^  (4_2)
F o r  t h e  c a l c u l a t i o n  o f  e n e rg y  l e v e l s  o f  i o n s  i n  t h e  c r y s t a l  f i e l d  t h e
f r e e  i o n  e i g e n f u n c t i o n s  a r e  f r e q u e n t l y  u s e d  as  t h e  u n p e r t u r b e d
e i g e n f u n c t i o n s  and t h e  p o t e n t i a l  V i s  t a k e n  as  a p e r t u r b a t i o n .  The
t o t a l  H a m i l t o n i a n  f o r  an i o n  i n  t h e  c r y s t a l  f i e l d  i s  g i v e n  by t h e  sum
o f  t h e  f i r s t  f o u r  t e r m s  i n  t h e  e x p r e s s i o n  ( 3 - 1 ) .  I n  e v a l u a t i n g  t h e
m a t r i x  e l e m e n t s  o f  V, i t  seems t h a t  an i n f i n i t e  number o f  t e r m s  i n  t h e
e x p a n s i o n  have  to  be t a k e n  i n t o  a c c o u n t .  I n  f a c t  i t  t u r n s  o u t  however
t h a t  o n l y  a s m a l l  number  o f  t e rm s  i n  t h e  i n f i n i t e  sum ( 4 - 1 )  a r e  r e a l l y
Nn e c e s s a r y .  F o r  t h e  4 f  c o n f i g u r a t i o n ,  t h e  m a t r i x  e l e m e n t s  o f  V a re  
n o n - z e r o  o n l y  i f  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  f u l f i l l e d
k ^  6  ( t r i a n g l e  c o n d i t i o n  f o r  S .H .  i n t e g r a l s )  
k  even  ( p a r i t y  c o n d i t i o n )
Mj = Mj +  q ( i n t e g r a l  o v e r  cp p a r t ) .
F u r t h e r  r e d u c t i o n  i n  t h e  number o f  t e r m s  m ig h t  come ab o u t  w i t h  t h e  
r e s t r i c t i o n  o f  a p a r t i c u l a r  symmetry o f  a g i v e n  c r y s t a l  f i e l d .
Norm al ly  t h e r e  a r e  no more t h a n  15 t e r m s  p r e s e n t  i n  t h e  e x p r e s s i o n  o f  
( 4 - 1 ) .  Fo r  i n s t a n c e ,  t h e  sym m etr ie s  which  a r e  o f  i n t e r e s t  i n  t h e  
p r e s e n t  work a r e  C3 V °h* They can  be w r i t t e n  e x p l i c i t l y  as
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V(C ) =  S / b  2C ^  + B V 4) +  B 4 (C^4 ) +  C ^ )  
i  1 °  0 o o  4 4 - 4  '
+  B 6C ( 6 > +  B , 6 ( C ®  + C ( ?  ) \  
o o 4 4 - 4  ' )  i
) = L ( b  2C^2  ̂ +  B V 4) +  B 4 ( C ^  -  C ^ )  
. l o o  o o  3 - 3 3 'x *■V' C3v
+  B 6C^6) +  B 6 ( C ^ -  C ^ )  
o o 3 -3  3 '
+ B66 ( C ^  -  G ^ ) J  _ ( 4 -3 )
V(0, ) = E ( b V 4  ̂ + B 4 ( C ^  + c f 4))h '  ^ [  o o 4 - 4  4 '
3 6C ^ 6  ̂ +  B 6 ( C ^  +  0 ^ ) 1  o o 4 - 4  4 '  .
J l
+  B
Once we have e s t a b l i s h e d  th e  e x p r e s s i o n  f o r  V t h e  m a t r i x  e le m e n ts  f o r  
Nan f  c o n f i g u r a t i o n  a re  g iv e n  by [4 -1  to  4 -3  and 3 - 1 0 ] .
J-M +3
<fNaSLJM | V| f Na ' S L ' J ’M ' ) =  7 N ( - l )  J  [ ( 2L+1) (211+1) (2J+ 1)  ( 2 J '+ 1 )  ] l / 2
E B k f 3 k 3 ) f J  kJ-VJ J ’ k)  r n s+ L + J,+ k
X l o  0  0 /  [m  q m J  ^ L '  L s j
2  ) .  ( - l ) C+L+k+3 / L 3 (4 -4 )
$  | 3  L 1 k j
x
w here a l l  n o t a t i o n s  as  d e f i n e d  p r e v i o u s l y  w i t h  t h e  se co n d  summation
o v e r  a l l  th e  p o s s i b l e  p a r e n t  s t a t e s  ip1.
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i NI n  c r y s t a l  t h e  f r e e  io n  e n e rg y  s t a t e s  f  aSLJM ) w i l l
■ J
b e ,  i n  g e n e r a l ,  s p l i t  i n t o  co m p o n en ts .  F u r t h e r  c l a s s i f i c a t i o n  o f  th e  
s t a t e s  i s  n e e d e d .  T h is  u s u a l l y  can  be done by e i t h e r  i n t r o d u c i n g  th e
g
c r y s t a l  quantum number p, o r  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  r  o f
th e  c o r r e s p o n d in g  symmetry g r o u p .  The c l a s s i f i c a t i o n  o f  t h e  s t a t e s
3 +
o f  Ho and Sm f o r  t h e  C and 0^ sy m m etr ie s  a r e  g iv e n  i n
T a b le s  4 -1  to  4 -6  . W ith  t h e  a i d  o f  t h e s e  a d d i t i o n a l  l a b e l l i n g s
th e  c r y s t a l  f i e l d  e n e rg y  m a t r ix  can  be f a c t o r i z e d  i n t o  s u b m a t r i c e
and o n ly  s t a t e s  w i t h i n  a g iv e n  i r r e d u c i b l e  r e p r e s e n t a t i o n  w i l l  be
i n t e r a c t i n g  w i t h  e a ch  o t h e r ,  b u t  n o t  w i t h  s t a t e s  b e lo n g in g  to  o t h e r
i r r e d u c i b l e  r e p r e s e n t a t i o n s .  I f  we assume t h a t  m ix in g  o f  s t a t e s
t a k e s  p l a c e  o n ly  w i t h i n  a g iv e n  J  m a n i f o ld  th e n  t h e  e n e rg y  m a t r ix
c a n  be re d u c e d  c o n s i d e r a b l y .  Upon d i a g o n i z a t i o n  o f  t h e s e  m a t r i c e s ,
i n  p r i n c i p l e ,  t h e  e ig e n v a lu e s  may be o b t a i n e d  and e x p r e s s e d  i n  te rm s
Ico f  t h e  p a r a m e te r s  w hich  i n  t u r n  may be d e r i v e d  e m p i r i c a l l y .  The 
r e s u l t i n g  e i g e n v e c t o r s  w i l l  i n d i c a t e  th e  d i f f e r e n t ,  Mj com ponents  
from  w hich  e a c h  l e v e l  o r i g i n a t e d .
I f  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  a p o i n t  symmetry
8 8group  a re  u s e d  to  c a l c u l a t e  t h e  m a t r i x  e le m e n ts  (ct,j |V |a , ' J  1 r  ’ )* 
i t  i s  n e c e s s a r y  to  d e te rm in e  t h e  l i n e a r  c o m b in a t io n  o f  t h e  s t a t e s  
|ccJMj) t h a t  t r a n s f o r m  i r r e d u c i b l y  u n d e r  a l l  t h e  o p e r a t i o n s  o f  th e  
symmetry g r o u p .  I n  r e c e n t  y e a r s ,  c r y s t a l  f i e l d  c a l c u l a t i o n s  have  
been  c a r r i e d  o u t  by d i a g o n i z in g  t h e  e n t i r e  Coulomb, s p i n - o r b i t ,  and 
th e  c r y s t a l  f i e l d  i n t e r a c t i o n  m a t r i c e s  [ 4 - 2  to  4 - 3 ] .  T h is  p e r m i t s  
t h e  co m p le te  i n c l u s i o n  o f  b o th  t h e  e f f e c t s  o f  i n t e r m e d i a t e  c o u p l in g  
and th e  c r y s t a l  f i e l d  m ix ing  o f  t h e  f r e e  io n  s t a t e s  i n  one s t e p .
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Table 4-1 C la ss if ica tio n  of S ta tes  of Ho in 0^ Symmetry







3 + ' r 4










8 2 2r 3 + 23:
+  3r \  35
+ + 3r  4! 4
4 3 r5
+ 2r 3 + ^ r4 + 23r 5 
+ 23r4 + 23r 5 
:4 + 23r 5 + 1r 1
4
3+
Table 4-2 C la s s i f ic a t io n  o f  S ta te s  o f  Ho in  C Symmetry
J I r re d u c ib le  Representations Number of Levels
0 1
1 l r 2 + 2r 3 2
2 \  + 22r 3 3
3
1 1 0 
r x + 2 r 2 + 2 r 3 5
4 21r 1 + xr 2 + 32r 3 6
5 ^  +  2 1r 2 + 42r 3 7
6 31r 1 + 21r 2 + 42r 3 9
7 2 l r i  + 3*r 2 + ^
10
8 3l r 2 + 22r 2 + 62r 3 11
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T ab le  4 -3
3+
C l a s s i f i c a t i o n  o f  S t a t e s  o f  Ho i n  C■ Symmetry
J I r r e d u c i b l e  R e p r e s e n t a t i o n s Number o f  L e v e ls
0 1
h 1
1 1r  +  2r  x2 x5 2
2 1 +  2 1 1r i  r 5  +  r 3 +  r 4 4
3 \  + 2 \  + l f 3 +  l p 4 5
4 2 l r i  + \  + 22r5 + l r3 +  l r4 7
5
1 1 9 1 1
r i  +  2  r 2 +  3 r 5 +  r 3 +  r 4 8
6 21r 1 +  1 r 2 +  3 2r 5 +  21r 3 +  21r 4 10
7 1r1 + 21r 2 + 4 2r 5 + 2Lr 3 +  2Xr 4 11
8 3 V i  +  2 ^ 2  +  4 2r 5 + 2 1r 3 +  2 1r 4 13
T ab le  4 -4
3+
C l a s s i f i c a t i o n  o f  S t a t e s  o f  Sm i n  0 1 Symmetry
J I r r e d u c i b l e  R e p r e s e n t a t i o n s Number o f  L e v e ls
1 /2 % 1
3 /2 1
5 /2 2r + 4rl 7 2
7 /2 2r  + 2r  + 4 r  l 6 7 La 3
9 /2 2r + 24 r  l 6 z [8 3
1 1 /2 2r  +  2r  +  2 4 p6 X7 8 4
13 /2 2r6 + 22r7 + 24r3 5
15 /2 2p +  2r  +  3^p  a 6 *7 i 8 5
17 /2 22p6 + 2 2r ? + 34 r 8 7
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Table 4-5 C la ss if ica t io n  of S ta tes  of Sm in C ^ 1 Symmetry
J I r r e d u c ib le  Representation Tof Levels
1/2 2r4 i
3/2 2r + 1r i 4 15 2
5/2
2




9/2 + 2S 5
11/2 * 4
+







17/2 62r4 + 3 V 5 9
3+
Table 4-6 C la s s i f ic a t io n  o f  S ta te s  o f  Sm in C 1 Symmetry
J I r re d u c ib le  Representation Number 
o f Levels
1/2 2r6 1
3/2 2 l6 + S 2
5/2 2r 6 + 22r7 3
7/2 2 2r6 + 22r 7 4
9/2 9 9 3 r6 + 2 r7 5
11/2 32r6 + 32r 7 6
13/2 32r 6 + 42r4 7
15/2 42r 6 + 42r 7 8
17/2 52r 6 + 42r 7 9
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4 -2  I n t e n s i t y  and S e l e c t i o n  R u les
The i n t e n s i t i e s  o f  a g iv e n  s p e c t r a l  l i n e  i s  p r o p o r t i o n a l  
to  t h e  t o t a l  t r a n s i t i o n  p r o b a b i l i t i e s  o f  t h e  v a r i o u s  t r a n s i t i o n s  
i n v o lv e d .  The e m is s io n  t r a n s i t i o n  p r o b a b i l i t i e s  be tw een  s t a t e s  ^  
and ^  a re  g iv e n  by
4-3
A (a ,b )  =  — 1 ^ I \   ̂ e l e c t r i c a l  d i p o l e
A ' ( a , b )  =  ~ ~  { ^  I M I ^  m a g n e t ic  d i p o le
a b ( 4 -5 )
A ' ' ( a , b )  =  ^ ^ h V ( | ^  | e l e c t r i c  q u a d ru p o le
w here v i s  t h e  wavenumber o f  t h e  t r a n s i t i o n ,  and P, M and Q a re  th e  
e l e c t r i c a l  d i p o l e  moment, m a g n e t ic  d i p o l e  moment and e l e c t r i c a l  
q u a d ru p o le  moment o p e r a t o r  r e s p e c t i v e l y .
The i n t e n s i t y  o f  a g iv e n  s p e c t r a l  l i n e  i s  d e p e n d en t  on 
a l l  t h r e e  t y p e s  o f  t r a n s i t i o n s .  However, i n  th e  c r y s t a l  f i e l d  s p e c t r a  
o f  r a r e  e a r t h s  v a r i o u s  s t u d i e s  have  shown t h a t  p r e d o m in a n t ly  e l e c t r i c  
d i p o l e  t r a n s i t i o n s  a r e  r e s p o n s i b l e  f o r  th e  o b s e rv e d  s p e c t r a l  l i n e s  
[3 -1 0  and 4 -4  to  4 - 7 ] .  T h e r e f o r e  i n  t h e  p r e s e n t  d i s c u s s i o n ,  o n ly  th e  
e l e c t r i c a l  d i p o l e  t r a n s i t i o n s  a r e  t a k e n  i n t o  c o n s i d e r a t i o n .
F o r  t h e  c r y s t a l  f i e l d  s p e c t r a ,  th e  e l e c t r i c a l  d i p o l e  
t r a n s i t i o n  p r o b a b i l i t y  c a n  be r e w r i t t e n  as
Q 2 2 -2
A ( a ,b )  =  8 e - v' f  ( a ,b )  ( 4 -6 )
p ’ / me P
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w here n = 0 ,  +  1 c o r r e s p o n d s  to  th e  n -  o r  a - p o l a r i z a t i o n s  and f  ( a , b )
a
i s  t h e  o s c i l l a t o r  s t r e n g t h  o f  t h e  c o r r e s p o n d in g  t r a n s i t i o n  and i t  i s  
g iv e n  by
f  ( a , b )  =  871 ™ v <4̂  . ( 4 -7 )
P 3he a P b
I n  ( 4 - 7 ) ,  w i t h  p =  0, +  1 ,P  g i v e s  th e  z - ,  x -  and y -  com ponents  o f
P
t h e  e l e c t r i c  d i p o l e  o p e r a t o r  P and i t  i s  d e f i n e d  as
P C1) =  _ £  y . (C ( 1) ) . ( 4 -8 )
P i= !  1 P 1
The m a t r ix  e le m e n ts  i n  (4 -7 )  a re  n o n - z e r o  o n ly  when th e  
s t a t e s  i|f and a r e  o f  o p p o s i t e  p a r i t y .  F re e  i o n s ,  t r a n s i t i o n s
cl D
w i t h i n  t h e  same c o n f i g u r a t i o n  a re  as  a  r e s u l t  s t r i c t l y  f o r b i d d e n .
I n  t h e  c r y s t a l ,  how ever ,  a d m ix tu re s  by t h e  c r y s t a l  f i e l d  o f  o p p o s i t e  
p a r i t y  i n  t h e  w a v e f u n c t io n s  a r e  p o s s i b l e .  One o f  th e  m echanism s 
s u g g e s t e d  i s  t h a t  t h e  odd  te rm s  i n  t h e  c r y s t a l  f i e l d  p o t e n t i a l  e x p a n s io n  
m ig h t  p l a y  t h e  r o l e  o f  c o u p l in g  s t a t e s  w i t h  o p p o s i t e  p a r i t y  so t h a t  
t h e  r e s u l t i n g  w a v e f u n c t io n s  w i l l  c o n s i s t  o f  a d m ix tu re s  o f  d i f f e r e n t  
p a r i t y  [3 -1 0  and 4 - 8 ] .  The r e s u l t i n g  w a v e f u n c t io n  o f  m ixed  p a r i t y  i s  
g iv e n  by
I V  = V  + V ' 1 <VJ vodd kl V I  V  (4'9)
w i t h  t h e  w a v e f u n c t io n  |0 ^ )  h a v in g  th e  p a r i t y  o f  f N- c o n f i g u r a t i o n  and
N - l  N - ljXp ) p o s s e s s i n g  th e  p a r i t y  o f  t h e  c o n f i g u r a t i o n  f  d o r  f  g w hich
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i s  o p p o s i t e .  E and E a re  th e  e n e r g i e s  o f  s t a t e s  ^  and X . The 
a 6 a r
( 1)m a t r ix  e le m e n ts  o f  P be tw een  th e  p a r i t y  m ixed  s t a t e s  w i l l  be
o y  Pp( l )  |V  = |XJ ><Xs |Vodd k |0b>
+  ?  (E a  -  k l V  ( 4 ‘ 10)
w here t h e  summation i s  o v e r  a l l  t h e  p e r t u r b i n g  s t a t e s  X .
P
By t h e  e v a l u a t i o n  o f  m a t r ix  e le m e n ts  i n  ( 4 - 1 0 ) ,  s e v e r a l
N
s e l e c t i o n  r u l e s  w ere  o b t a i n e d  by O f e l t  [ 4 - 9 ]  f o r  t h e  f  c o n f i g u r a t i o n s .  
These  a re  as  f o l l o w s :
Af =  +  1 ,  A3 =  0 ,  AL ^  6 ,  AJ ^  6 (4 -1 1 )
o NThe f i r s t  s e l e c t i o n  r u l e  At = +  1 means t h a t  t h e  f  c o n f i g u r a t i o n  can
N -l  N - lo n ly  i n t e r a c t  w i th  t h e  c o n f i g u r a t i o n s  o f  f  d o r  f  g .  The second  
and t h e  t h i r d  s e l e c t i o n  r u l e s  a r e  u s u a l l y  b ro k e n  down due to  t h e  s t r o n g  
s p i n - o r b i t  i n t e r a c t i o n s .  T h e r e f o r e ,  i n  r e a l i t y  o n ly  t h e  l a s t  one i . e .  
AJ <, 6 i s  o f  p r a c t i c a l  im p o r ta n c e  a s  f a r  as  t h e  a n a l y s i s  o f  t h e  s p e c t r a  
i s  c o n c e r n e d .
I n  t h e  c r y s t a l ,  a s  p o i n t e d  o u t  i n  p r e v io u s  s e c t i o n s ,  e a ch  
e n e rg y  l e v e l  o f  a g iv e n  J - m a n i f o l d  o f  t h e  f r e e  io n  w i l l ,  i n  g e n e r a l ,  
s p l i t  i n t o  a number o f  S t a r k  co m p o n en ts .  Those com ponents  c a n  be 
l a b e l l e d  by a p p r o p r i a t e  i r r e d u c i b l e  r e p r e s e n t a t i o n s .  A d d i t i o n a l  
s e l e c t i o n  r u l e s  o t h e r  t h a n  AJ^6 a re  t h e r e f o r e  n ee d ed  i n  o r d e r  t h a t
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t r a n s i t i o n s  betw een  S t a r k  com ponents  can  be t r e a t e d  as w e l l#  T h is  can  
be a c h ie v e d  by a p p ly in g  Group T h e o r e t i c a l  M ethods. I t  i s  known t h a t  
i f  an o p e r a t o r  t r a n s f o r m s  l i k e  , t h e  m a t r i x  e le m e n ts  o f  th e  same
g
o p e r a t o r  be tw een  two s t a t e s  o f  w hich  one t r a n s f o r m s  as and th e
g
o t h e r  as s p  w i l l  be n o n - z e r o  o n ly  i f  th e  d i r e c t  p r o d u c t  x T  x er1 s q Y s
c o n t a i n s  t h e  i d e n t i t y  r e p r e s e n t a t i o n  . W hether  a g iv e n  t r a n s i t i o n
i s  a l lo w e d  o r  n o t  w i l l  t h e n  depend on t h e  symmetry o f  th e  c r y s t a l  f i e l d .
3“b 3“bAllowed t r a n s i t i o n s  i n  Ho and Sm a t  v a r i o u s  ty p e s  o f  p o i n t  sym m etr ies  
w hich  a r e  o f  i n t e r e s t  i n  t h e  p r e s e n t  work a re  g iv e n  i n  T ab le  4-7  and 
T ab le  4 - 8 .  W ith t h e  a i d  o f  t h e s e  t a b l e s  and th e  s e l e c t i o n  r u l e  A J^6 , 
a t e n t a t i v e  a n a l y s i s  o f  th e  o b s e rv e d  s p e c t r a l  l i n e s  s h a l l  be g iv e n  i n  
C h a p te r  6 .
4 -3  E le c t ro n - P h o n o n  I n t e r a c t i o n s
Rare e a r t h  io n s  i n  th e  c r y s t a l ,  b e s id e s  i n t e r a c t i n g  w i th
th e  s t a t i c  c r y s t a l  f i e l d ,  may a l s o  i n t e r a c t  w i t h  t h e  th e rm a l  v i b r a t i o n s
o f  th e  l a t t i c e  i n  w hich  th e y  a r e  im bedded . T h is  i n t e r a c t i o n  i s ,  to  a 
good a p p ro x im a t io n ,  assumed to  be a r i s i n g  from a t im e - d e p e n d e n t ,  Coulomb 
e l e c t r i c  f i e l d  o f  t h e  n e a r e s t  i o n s .  The io n s  a r e  v i b r a t i n g  abou t t h e i r  
e q u i l i b r i u m  p o s i t i o n s .  The H a m il to n ia n  o f  such  i n t e r a c t i o n  h a s  t h e  form 
[4 -1 0  and 4 - 1 1 ]
H, =  £  V Q (4 -1 2 )6 q q
q
w here Q , t h e  no rm al c o o r d i n a t e s ,  a re  l i n e a r  c o m b in a t io n s  o f  t h e
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d i s p l a c e m e n ts  o f  t h e  i o n s  i n v o lv e d ,  and V a re  f u n c t i o n s  o f  th e  
c o o r d i n a t e s  o f  t h e  e l e c t r o n s  o f  t h e  c e n t r a l  i o n  in  q u e s t i o n .  The r i g h t  
hand  s id e  o f  (4 -1 2 )  i s  o b t a i n e d  from th e  l i n e a r  te rm s  o f  th e  dynamic 
p a r t  i n  t h e  e x p a n s io n  o f  t h e  c r y s t a l  p o t e n t i a l  [ 4 - 1 1 ] .
The t o t a l  H a m il to n ia n  o f  a sy s tem  w hich i n c l u d e s  t h e  r a r e
e a r t h  io n  imbedded i n  t h e  c r y s t a l  as w e l l  as  t h e  c r y s t a l  l a t t i c e
v i b r a t i o n s  can  be w r i t t e n  as
H' =  H + H0 +  H +  H +  H +  H, (4 -1 3 )
1 2 3 4 6 7 '
On th e  r i g h t  hand  s i d e  o f  ( 4 - 1 3 ) ,  th e  sum o f  t h e  f i r s t  f o u r  te rm s  
c o n s t i t u t e s  t h e  H a m il to n ia n  o f  t h e  f r e e  io n  i n  a s t a t i c  c r y s t a l  f i e l d  
as  d e f i n e d  i n  ( 3 - 1 ) .  H^ h a s  been  d e f i n e d  by ( 4 - 1 2 ) .  H^ i s  t h e  l a t t i c e
v i b r a t i o n  H a m il to n ia n  and i s  g iv e n  by th e  wave e q u a t i o n
H_ t  =  S (n  + ; )  t  ( 4 -1 4 )7 v q 2 q v '
q
w here n ^  i s  t h e  o c c u p a t io n  number o f  t h e  q th  phonon s t a t e  and v t h e  
f r e q u e n c y  o f  t h a t  s t a t e .
The p r o b a b i l i t y  W, f o r  t h e  a b s o r p t i o n  o r  e m is s io n  o f  a 
phonon, depends on t h e  m a t r i x  e le m e n ts  o f  H^ and can  be w r i t t e n  as
W ~  < * i l  H6 I *£ >2 {4‘ 15>
where
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$i  “  I V 1* V  U2 > *•* n q>
*f = I V 1'  V  n 2 } " q  * 1 >*
W ith  t h e  i n c l u s i o n  o f  H,. i n  t h e  t o t a l  H a m il to n ia n  s e v e r a l6
e x p e r im e n ta l  f a c t s  can  be r e a s o n a b ly  e x p l a i n e d :
(1 )  V ib r o n ic  S p e c t r a - - T h e  e l e c t r o n i c  t r a n s i t i o n s  o f  an 
io n  i n  a c r y s t a l  a re  f r e q u e n t l y  accom panied  by v i b r a t i o n a l  t r a n s i t i o n s  
( b o th  t h e  o p t i c a l  and a c o u s t i c  modes can  be a c t i v e ) .  As a r e s u l t *  th e  
o b s e rv e d  s p e c t r a  a t  low t e m p e r a t u r e s  u s u a l l y  c o n s i s t  o f  s p e c t r a l  l i n e s  
w i th  f r e q u e n c i e s  vq +  v f o r  a b s o rp t io n *  and vq -  v f o r  e m is s io n *  as 
shown i n  F i g .  4 - 1 .  Where vq i s  t h e  f r e q u e n c y  o f  a p u re  e l e c t r o n i c  
t r a n s i t i o n  and v th e  f r e q u e n c y  c o r r e s p o n d in g  to  th e  v i b r a t i o n a l  
t r a n s i t i o n s  (v  w i l l  be o f  t h e  o r d e r  o f  few cm  ̂ to  a few h u n d re d  cm ^ ) 
[ 4 - 1 2 ] .
(2 )  T e m p era tu re  E f f e c t s - - A s  t h e  t e m p e r a tu r e  o f  th e  c r y s t a l  
i n c r e a s e s *  t r a n s i t i o n s  from  p o p u l a t e d  e x c i t e d  v i b r a t i o n a l  s t a t e s  w i l l  
t a k e  p l a c e .  Also* s i n c e  th e  a c o u s t i c  mode h a s  a c o n t in u o u s  spectrum * 
a t  s u f f i c i e n t  h ig h  t e m p e r a t u r e s  t h e  s p e c t r a l  l i n e s  w i l l  become a b ro a d  
band  w i th  maxima a t  vq . The w id th  o f  band  w i l l  be p r o p o r t i o n a l  to  t h e  
s q u a re  r o o t  o f  t h e  t e m p e r a t u r e .  At h ig h  t e m p e ra tu re *  i n  a d d i t i o n  to  
th e  b ro a d e n in g  o f  t h e  l i n e s *  th e  a v e ra g e  d i s t a n c e  be tw een  i o n s  w hich 
form t h e  c r y s t a l  l a t t i c e  becomes g r e a t e r .  As a r e s u l t *  t h e  e l e c t r i c  
c r y s t a l  f i e l d  w hich  a c t s  on th e  io n  u n d e r  s tu d y  i s  d e c re a s e d *  and th e
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
54
s p l i t t i n g  o f  t h e  e n e rg y  l e v e l s  d e c r e a s e s .  T h is  f i n a l l y  l e a d s  to  a s h i f t  
o f  t h e  maximum o f  t h e  b a n d s .  T h is  s h i f t ,  how ever, i s  u s u a l l y  i n  th e  
o r d e r  o f  a few cm \  t h e r e f o r e  o n ly  i n  th e  h ig h  r e s o l u t i o n  e x p e r im e n t s  
i s  i t  d e t e c t a b l e .
(3 )  N o n - r a d i a t i v e  P r o c e s s - - T h e  e le c t r o n - p h o n o n  i n t e r a c t i o n  
can  a l s o  l e a d  to  e l e c t r o n i c  t r a n s i t i o n s  unaccom panied  by e m i s s io n .  I n  
such  c a s e s  t h e  e n e rg y  i s  t r a n s f e r r e d  to  t h e  l a t t i c e  v i b r a t i o n s ,  i . e .  
t h e  th e r m a l  m o t io n s .  S i m i l a r l y ,  th e  r e v e r s e  p r o c e s s  i s  a l s o  p o s s i b l e .  
The p r o b a b i l i t y  o f  t h e  n o n - r a d i a t i v e  t r a n s i t i o n s  w i l l  b e ,  g e n e r a l l y  
s p e a k in g ,  g r e a t e r  t h e  s m a l l e r  t h e  e l e c t r o n i c  e n e rg y  g iv e n  o f f  [4-133*
F o r  i n s t a n c e ,  i f  t h e  io n  i s  i n  an e x c i t e d  s t a t e  a ( s e e  F i g .  4 -2 )  th e n  
i n  t h e  p r e s e n c e  o f  i n t e r m e d i a t e  e l e c t r o n i c  l e v e l s ,  t h e  e n e rg y  can  be 
g iv e n  o f f  s te p w is e  th ro u g h  n o n - r a d i a t i v e  p r o c e s s .  When th e  e n e rg y  
d i f f e r e n c e  o f  th e  e l e c t r o n i c  l e v e l s  i s  s m a l l ,  p r o c e s s  o f  t h i s  ty p e  can  
be v e ry  p r o b a b le  and l e a d  th e  i o n  to  a r a p i d  t r a n s i t i o n  to  t h e  low er  
l e v e l s  w i t h o u t  e m i s s io n .  However, i f  t h e  e n e rg y  gap be tw een  th e  
h i g h e r  l e v e l  and t h e  n e x t  low er  one i s  l a r g e  ( l e v e l  b and l e v e l  c i n  
F i g .  4 - 2 ) ,  th e n  th e  n o n - r a d i a t i v e  t r a n s i t i o n  ( d o t  l i n e )  w i l l  have  
c o m p a r a t iv e ly  low p r o b a b i l i t y ,  hence  f l u o r e s c e n c e  ( s o l i d  l i n e )  w i l l  
be  more p r o b a b le  [4 -1 4 ]*




















F i g .  4 - 1 .  T r a n s i t i o n s  accom panied  by 





F i g .  4 - 2 .  Scheme o f  n o n - r a d i a t i v e  




5-1 C r y s ta l  Samples
The sam ples  u s e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  were CaF^
3+  3+
c r y s t a l s  doped w i t h  Ho o r  Sm i o n s .  The c r y s t a l s  were o b t a i n e d  from 
two s o u r c e s :  ( a )  Harshaw C hem ica l  C o . ,  (b )  Opotovac I n c .  The Harshaw
c r y s t a l s  w ere  grown by add ing  r a r e - e a r t h  t r i f l u o r i d e  i n  th e  m e l t .  The
3+ 3+
c o n c e n t r a t i o n  o f  Ho o f  Sm i n  t h e s e  c r y s t a l s  a r e  n o t  e x a c t l y  knownj 
i t  i s  e s t i m a t e d ,  how ever ,  to  be be tw een  0 .1  <f and 0 . 4 $ .  C le a v e d  Harshaw
c r y s t a l s  o f  ab o u t  10 x 7 .5  x 4mm w ere  u s e d  f o r  t h e  e x p e r i m e n t s .  The
| , ^
c o n c e n t r a t i o n  o f  Ho i n  t h e  Opotovac c r y s t a l  i s  0 . 2 $ .  I n  t h i s  c a s e ,  
a s i n g l e  p o l i s h e d  c r y s t a l  o f  10 x 7 .5  x 4mm, w i th  t h e  [ 1 1 1 ]  d i r e c t i o n  
p e r p e n d i c u l a r  to  th e  4 x 10 mm s u r f a c e  was u s e d .  Random c u t  c r y s t a l s  
were  a l s o  u s e d  i n  th e  m e a su re m e n ts .  I t  was found  t h a t  o r i e n t a t i o n  o f  
th e  c r y s t a l  h a s  no e f f e c t  on t h e  r e s u l t s .
H ea t t r e a t m e n t s  o f  c r y s t a l s  was c a r r i e d  o u t  i n  open  a i r .
The c r y s t a l  was p l a c e d  i n  a s i l i c a  tu b e  and h e a t e d  i n  an e l e c t r i c  
f u r n a c e .  The c r y s t a l  was h e a t e d  to  th e  r e q u i r e d  t e m p e r a tu r e  i n  abou t  
2 h o u r s ,  k e p t  a t  t h i s  t e m p e r a tu r e  f o r  1 h o u r ,  and th e n  c o o le d  g r a d u a l l y  
to  room t e m p e r a t u r e  i n  ab o u t  4 h o u r s .
5 -2  A b s o rp t io n  S p e c t r a
A b s o rp t io n  m easu rem en ts  were c a r r i e d  o u t  i n  a Cary  Model 
14 r e c o r d in g  s p e c t r o p h o to m e t e r .  I n  t h e  low t e m p e r a tu r e  m e a su rem e n ts ,
56
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t h e  c r y s t a l  was p l a c e d  i n  t h e  c r y s t a l  h o l d e r  o f  an Andonian cus tom -
made vacuum c r y o s t a t ,  e s p e c i a l l y  a d a p te d  to  f i t  t h e  s p e c t r o p h o to m e t e r .
3 +
The a b s o r p t i o n  s p e c t r a  o f  t h e  CaF^ c r y s t a l  doped w i th  Ho 
a re  g iv e n  i n  F i g s .  5-1  and 5 - 2 .  I n  t h e s e  f i g u r e s  t h e  SLJ a s s ig n m e n ts  
w ere  made by a co m p a r iso n  w i t h  th e  c a l c u l a t e d  f r e e  io n  e n e rg y  l e v e l s
[ 1 - 1 ] .  A summary o f  t h e  o b s e rv e d  p eak s  i s  g iv e n  i n  T a b le  5 - 1 .
3+
The a b s o r p t i o n  s p e c t r a  o f  C aF^Sm  are  g iv e n  i n  F i g s .  5-3
and 5 - 4 .  I n  t h i s  c a s e ,  t h e  t e n t a t i v e  SLJ a s s ig n m e n ts  w ere  made by
3+com paring  th e  o b s e rv e d  p e a k s  w i th  th e  c a l c u l a t e d  e n e rg y  l e v e l s  o f  Sm 
i n  aqueous s o l u t i o n  [ 1 - 3 ] .  A summary o f  t h e  o b s e rv e d  p e a k s  i s  g iv e n  
i n  T a b le  5 - 2 .
I n  o r d e r  to  c o n f i r m  t h a t  t h e  o b s e rv e d  a b s o r p t i o n  i s  in d e e d  
c h a r a c t e r i s t i c  o f  t h e  doped r a r e  e a r t h  i o n s ,  an a b s o r p t io n  sp e c t ru m  o f  
' p u r e '  CaF^ c r y s t a l  was a l s o  t a k e n  as shown i n  F i g .  5 - 5 .
5 -3  E x c i t a t i o n  S p e c t r a
The a c t u a l  e x p e r im e n ta l  s e t  up f o r  o b t a i n i n g  t h e  e x c i t a t i o n  
spectra is given in Fig. 5-6. The exciting light source is an Oriel 
c - 6 0 - 5 0 ,  1000 w a t t  Xenon lam p. I n  t h e  s p e c t r a l  r e g io n  u n d e r  s tu d y ,  th e  
Xemon s o u rc e  h a s  a c o n t in u o u s  sp e c t ru m  w i t h  r e l a t i v e l y  c o n s t a n t  i n t e n s i t y  
as shown i n  F i g .  5 - 7 .
F i g .  5-7
TYPICAL RELATIVE EMISSION 
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peak  (cm )
*
C e n t r o id  
o f  peaks  (cm )
5 f 5 /1 5 5 7 6  \1 5 6 9 9
15632











< 2 2 2 2 2  
122371
22246
5g . 24155 24155
G. 26041 26041
_  4





3 6 D. 34100 34100
_  3
D . 34843 34843
.  aX 35906 35906




The c e n t r o i d s  a r e  assum ed to  be g iv e n  by th e  fo rm u la  E -
i  i
Ej and I .  a re  t h e  e n e rg y  and r e l a t i v e  i n t e n s i t y  o f  a g iv e n  p e a k .
where
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Table  5 -2  A b s o rp t io n  Peaks  o f  CaF^^Sm a t  77 K
SLJ
A ssignm ent
A b s o rp t io n  
peak  (cm“ l )
C e n t r o id  
o f  peaks  (cm"-*-)
4G







j  20747 
\ 20877 20812





























^ 9 / 2 27382
27382
Si/2
/2 7 6 0 1  
127701 27654









£  E I  
•  l  i  iThe c e n t r o i d s  a re  assumed to  be g iv e n  by t h e  fo rm u la  E =  _ T—
i  i
where E. and I, are the energy and relative intensity of a given 
p e a k .
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A - Power Supply
B - Ignitor
C - Xenon Lamp







F i g .  5 - 6 .  E x p e r i m e n t ^  s e t - u p  f o r e t a i n i n g  th e  g r e e n  lu m in e sc e n c e  e x c i t a t i o n  s p e c t r a  
o f  CaF2 :Ho and CaF2 :Sm c r y s t a l s
ONLn
66
The e x c i t i n g  l i g h t  from  t h e  Xenon lamp was p a s s e d  th ro u g h  
a L e i s s  d o u b le  m onochrom ator  w hich  was c a l i b r a t e d  by u s in g  m ercu ry  
l i n e s .  The c a l i b r a t i o n  c u rv e  i s  g iv e n  i n  F i g .  5 - 8 .  The doub le  
m onochrom ator  i s  u s e d  to  m in im ize  t h e  amount o f  s t r a y  l i g h t .  The 
e n t r a n c e  s l i t  i n  t h e  d o u b le  m onochrom ator  was t y p i c a l l y  s e t  a t  0 .3  mm, 
t h e  m id d le  s l i t  was 0 .3 5  mm, and th e  e x i t  s l i t  a t  0 . 4  mm. The s p e c t r a l  
w id th  o f  t h e  em erg ing  l i g h t  was ab o u t  50 cm * i n  t h e  s p e c t r a l  r e g io n  o f  
t h e  e x p e r im e n t s .  The c r y s t a l  was p l a c e d  i n  th e  c r y s t a l  h o l d e r  o f  an 
Andonian l i q u i d - h e l i u m  c r y o s t a t  to  w hich  a c o p p e r - c o n s t a n t a n  th e rm o co u p le  
was a t t a c h e d  to  m easu re  t h e  t e m p e r a t u r e  o f  t h e  c r y s t a l .  D uring  t h e  
e x p e r im e n t s  t h e  w a v e le n g th  drum o f  t h e  d o u b le  m onochrom ator  was d r iv e n  
by a sm a l l  m o to r  w i t h  a sp e e d  o f  0 .1  r e v . / m i n .  The e x c i t i n g  l i g h t  was 
f o c u s s e d  on t h e  10 x 4 mm s u r f a c e  o f  t h e  c r y s t a l .  The c r y s t a l  was so 
a r r a n g e d  t h a t  i t s  10 x 7 .5  mm s u r f a c e  f a c e s  t h e  e n t r a n c e  s l i t  o f  a home­
made s p e c t r o g r a p h .
The e m i t t e d  g r e e n  lu m in e s c e n c e  from  th e  c r y s t a l  was d e ta c h e d  
by an EMI ty p e  6256B p h o t o m u l t i p l i e r  th ro u g h  th e  home-made, low f  ( 2 . 5 ) ,  
g r a t i n g  s p e c t r o g r a p h  s e t  a t  t h e  p r o p e r  s p e c t r a l  r e g i o n .  The p h o t o c u r r e n t  
from  th e  p h o t o m u l t i p l i e r  was f e d  to  a K e i th l e y  ty p e  410 m ic ro m ic ro m e te r  
t h e  o u t p u t  o f  w hich  was r e c o r d e d  by a H e w le t t - P a r k a r d  Model 7128A, 
s t r i p  c h a r t  r e c o r d e r .
3+
The r e s u l t s  o f  t h e  e x c i t a t i o n  s p e c t r a  o f  C aF^H o and
3+
CaF^JSm a t  v a r i o u s  e x p e r im e n ta l  c o n d i t i o n s  a re  g iv e n  i n  F ig u r e s  5-9  
to  5 - 5 4 .  A summary o f  t h e s e  f i g u r e s  i s  g iv e n  i n  T a b le  5 -3  and T a b le
5 - 4 .  The v a r i o u s  p eak s  on a l l  c u r v e s  a re  num bered and t h o s e  num bers
[ t e x t  c o n t i n u e s  on p . l l 6 ]






























































Table 5-3 Summary o f  F ig u re s  Regarding CaF^.'Ho
F ig u r e  C r y s t a l  T e m p era tu re  S p e c t r a l
Number C o n d i t io n  o f  C r y s t a l s  Range (102cm” -*-)
5 -  9 As r e c e i v e d ,  S i n g le 300°K 200-230
5 t 10 As r e c e i v e d ,  S i n g le 300°K 230-250
5-11 As r e c e i v e d ,  S i n g le 300°K 250-270
5-12 As r e c e i v e d ,  S i n g le 300°K 270-285
5 -13 As r e c e i v e d ,  S i n g le 300°K 285-310
5 -1 4 As r e c e i v e d ,  S i n g le 77°K 200-230
5-15 As r e c e i v e d ,  S i n g le 77°K 230-250
5-16 As r e c e i v e d ,  S i n g le 77°K 250-270
5-17 As r e c e i v e d ,  S i n g le 77°K 270-285
5-18 As r e c e i v e d ,  S i n g le 77°K 285-310
5-19 As r e c e i v e d ,  Random Cut 77°K 200-230
5-20 As r e c e i v e d ,  Random Cut 77°K 230-250
5-21 As r e c e i v e d ,  Random Cut 77°K 250-270
5 -22 As r e c e i v e d ,  Random Cut 77°K 270-285
5-23 As r e c e i v e d ,  Random Cut 77°K 285-310
5 -2 4 As r e c e i v e d ,  Random Cut 77°K 330-370
5-25 As r e c e i v e d ,  Random Cut 77°K 370-390
5 -26 H e a ted  to  850°C , S i n g le 77°K 200-230
5-27 H ea ted  to  850°C , S i n g le 77°K 230-250
5-28 H e a ted  t o  850°C , S i n g le 77°K 250-270
5-29 H e a ted  to  850°C , S i n g le 77°K 270-285
5-30 H ea ted  to  850°C , S i n g le 77°K 285-310
5-31 H e a ted  t o  950°C, S i n g le 77°K 200-230
5-32 H e a ted  to  950°C, S i n g l e 77°K 230-250
5-33 H ea ted  to  950°C , S i n g le 77°K 250-270
5 -3 4 H e a ted  t o  950°C, S i n g le 77°K 270-285
5-35 H e a ted  t o  950°C, S i n g le 77°K 285-310
c o n t i n u e d
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Table 5-3 (c o n t in u e d )
F ig u re
Number
C r y s t a l
C o n d i t io n
T e m p era tu re  
o f  C r y s t a l s
S p e c t r a l  
Range (10  2cm- '*')
5-36 H ea ted  to  1050°C, S i n g le 77°K 200-230
5-37 H e a ted  to  1050°C, S i n g le 77°K 230-250
5^38 H e a ted  to  1050°C, S i n g le 77°K 250-270
5-39 H e a ted  to  1050°C, S i n g le 77°K 270-285
5 -40 H e a ted  to  1050°C, S i n g le 77°K 285-310
T ab le  5 -4  Summary o f  F i e u r e s  R e g a rd in g  CaF^ :Sm3+
F ig u r e C r y s t a l T em pera tu re S p e c t r a l
Number C o n d i t io n  io f  C r y s t a l s Range ( lo 2 c m - l )
5-41 As r e c e i v e d ,  Random C ut 300°K 200-220
5 -42 As r e c e i v e d ,  Random Cut 300°K 240-260
5-43 As r e c e i v e d ,  Random Cut 300°K 260-290
5 -4 4 As r e c e i v e d ,  Random Cut 77°K 200-220
5 -45 As r e c e i v e d ,  Random Cut 77°K 240-260
5 -46 As r e c e i v e d ,  Random Cut 77°K 260-290
5-47 H e a ted  t o  900°C, Random Cut 77°K 190-225
5-48 H e a ted  to  900°C, Random Cut 77°K 240-255
5-49 H e a ted  to  900°C, Random Cut 77°K 255-280
5 -5 0 H e a ted  to  900°C, Random Cut 77°K 280-310
5-51 H e a ted  to  900°C, Random Cut 77°K 310-330
5-52 H ea ted  to  1050°C, Random Cut 77°K 200-220
5-53 Heated to 1050^0, Random Cut 77°K 240-260
5 -5 4 H ea ted  t o  1050°C, Random Cut 77°K 260-290
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Fig.
D R U M  R e f i D t N C r 3
5-9 . E x c ita tio n  spectrum of as rece ived , s in g le  CaF :Ho 
c ry s ta l  a t 300°K in  the  range o f 20000 - 23000 cm- l
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3+ig .  5-10. E x c ita tio n  spectrum of as rece ived , s in g le  CaF :Ho 
c ry s ta l  a t  300 K in  the  range o f 23000 - 25000 nm~̂ - c




D R U M  R E G D I N C r
F ie . 5-11. E x c ita tio n  spectrum of as rece ived , s in g le  CaF2 :H2 i  
c ry s ta l  a t 300 K in  the  range o f 25000 - 27000 cm
3+
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F ig . 5-12. E x c ita tio n  spectrum of as rece ived , s in g le  CaF2 :Ho^ 
c ry s ta l  a t 300 K in  the  range o f 27000 - 28500 cm
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D R U M  R S f l D I N C r
F ig . 5-13. E x c ita tio n  spectrum of as rece iv ed , s in g le  CaF :HqX 
. c ry s ta l  a t 300 K in  the  range o f 28500 _ siQOO^cm
3+












F ig . 5-14. E x c ita tio n  spectrum of as received* s in g le  CaF2:HoT 
c ry s ta l  a t 77 K in  the  range o f 20000 - 23000 cm
3+
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Fig. 5-15. E x c ita tio n  spectrum o f as rece ived , s in g le  Ca?2:H< 
c ry s ta l  a t 77°K in  the  range o f 23000 - 25000 cm"













5-16. E x c ita tio n  spectrum o f as rece ived , s in g le  CaF :Ho 
c ry s ta l  a t 77°K in  the  range o f 25000 - 27000 cm"-*-








I -  
2
__________ i__________ I__________ i__________
630 620 610
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F ig . 5-17. E x c ita tio n  spectrum of as rece ived , s in g le  CaF :Ho 
c ry s ta l  a t 77°K in  the range o f 27000 - 28500 cm- -*-
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Fig . 5-18. E x c ita tio n  specturm of as rece ived , s in g le  CaF :Ho 
c ry s ta l  a t 77°K in  the  range of 28500 - 31000 cm"l
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F ig . 5-19. E x c ita tio n  spectrum of as rece ived , random-cut CaF :Ho 
c ry s ta l  a t  77°K in  the range o f 20000 - 23000 cm"l
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F ig . 5-20. E x c ita tio n  spectrum o f as received^ random-cut CaF„:Ho 
c ry s ta l  a t 77°K in  the  range o f 23000 - 25000 cm“ l
3+
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Fig. 5-21. E x c ita tio n  spectrum o f as rece ived , random-cut CaF 
c ry s ta l  a t 77°K in  the range o f 25000 - 27000 cm"12
3+
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Fig. 5-22. E x c ita tio n  spectrum of as rece iv ed , random-cut CaF :Ho 
c ry s ta l  a t 77°K in  the  range o f 27000 - 28500 cm"1
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Fig. 5-23. E x c ita tio n  spectrum o f as rece iv ed , random-cut CaF :Ho 
c ry s ta l  a t 77°K in  the  range of 28500 - 31000 cm"̂ -
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F ig . 5-25. E x c ita tio n  spectrum o f as rece iv ed , random-cut CaF :Ho 
c ry s ta l  a t 77°K in  the  range o f 37000 - 39000 cm"1
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Fig . 5-26. E x c ita tio n  spectrum o f s in g le  CaF :Ho c ry s ta l  (heal 
to 850°C) a t 77°K in  the  range o f 20000 -  23000 cm















F ig . 5-27. E x c ita tio n  spectrum o f s in g le  Ca^„:Ho c ry s ta l  (heated  
to 850°C) a t 77°K in  the  range o f 23000 - 25000 cm“ ^
~ /













F i g .  5 - 2 8 .
U K U M  n t A U I I N v j b
E x c i t a t i o n  s p e c t r u m  o f  s i n g l e  CaF : H o ^  c r y s t a l  ( h e a t e d  
t o  850°C) a t  77°K i n  t h e  r a n g e  o £^25000 - 27000 c m ' 1
















Fig . 5-29. E x c ita tio n  spectrum of s in g le  CaF :Ho c ry s ta l  (heated  
to  850°C) a t 77°K in  the range o f 27000 - 28500 cm
















F ig . 5-30. E x c ita tio n  spectrum o f s in g le  CaF :Ho c ry s ta l  (heated  
to 850°C) a t 77°K in  the range of 28500 - 31000 cm"
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Fig . 5-31. E x c ita tio n  spectrum o f s in g le  CaF :Ho^ c ry s ta l  (heated 
to  950°C) a t 77°K in  the  range o f 20000 - 23000 cm
f ? U M  G e f i D i N C r
( t o / i )
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
k
$  0,5 
*s
*
D R U M  R E A D / N C r
3"FFig. 5-32. E x c ita tio n  spectrum o f s in g le  CaF :Ho c ry s ta l  (heated  
to  950°C) a t 77°K in  the  range o f 23000 25000 cm"l























Fig . 5-33. E x c ita tio n  spectrum o f s in g le  CaF :Ho c ry s ta l  (heated  
to  950°C) a t 77°K in  the  range of 25000 -  27000 cm“ l
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F ig . : 5-34 E x c ita tio n  spectrum of s in g le  CaF :Ho c ry s ta l  (heated  
to 950°C) a t 77°K in  the  range o f 27000 - 28500 cnr^
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Fig . 5-35* E x c ita tio n  spectrum o f s in g le  CaF :Ho c ry s ta l  (heated  
to 950°C) a t 77°K in  the  range o f 28500 - 31000 cm"l
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F ig . 5-36. E x c ita tio n  spectrum o f s in g le  CaF :Ho3+ c ry s ta l  (heated  
to 1050°C) a t 77°K in  the  range o f 20000 - 23000 cm '1
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F ig . 5-37. E x c ita tio n  spectrum o f s in g le  CaF :Ho c ry s ta l  (heated  
to  1050OC) a t 77°K in  the  range o f 23000 - 25000 cm"
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5-38. E x c i ta t io n  spectrum of s in g le  CaF :Ho c r y s t a l  (hieated 
to 1050°C) a t  77°K in  the range or 25000 -  27000 cm"l
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3+Fig. 5-39. E x c i ta t io n  spectrum of s in g le  CaF :Ho c ry s ta l  (heat 
to 1050°C) a t  77°K in  the range or 27000 -  28500 cm"
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Fig. 5-40. E x c i t a t i o n  s p e c t r u m  of  s i n g l e  CaF :Ho3+ c r y s t a l  ( h e a t e d  
t o  1050 C) a t  77 K i n  t h e  r a n g e  oj: 28500 -  31000 cm
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Fig. 5-41. E x c i ta t io n  spectrum of as rece ived , random-cut CaF„:Sm3+ 
c ry s ta l  a t  300 K in  the range of 20000-22000 cm"1
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Fig. 5-42. E x c i ta t io n  spectrum as rece ived , random-cut CaF :Sm3+ c ry s ta l  
a t  300 K in  the range of 24000 - 26000 cm
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,Fig. 5-44. E x c i ta t io n  spectrum o f  as rece ived , random-cut CaF :.Sm 
c r y s t a l  a t  77°K in  the range of 20000 - 22000 cm"1
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Fig. 5-45. E x c i ta t io n  spectrum of as rece ived , random-cut CaF :Sm' 
c ry s ta l  a t  77°K in  the range of 24000 -  26000 cm"^
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5-47. E x c i ta t io n  spectrum o f  random-cut CaF :Sm c ry s ta l  (heated to 
900°C) at 77 K in  the range of 19000 -  22500 cm
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Fig. 5-48. E x c i ta t io n  spectrum of randum-cut CaF :Sm c r y s t a l  (heated 
900°C) a t  77 K in  the range o f  24000 - 25500 cm"
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D R U M  R E A D / N O
3“f“Fig. 5-50. E x c i ta t io n  spectrum of random-cut CaF :Sm c ry s ta l (h e a te d  
to 900°C) a t  77°K in  the range o f  28000 -  31000 cm
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F ig .  5-51. E x c i t a t i o n  spectrum  o f  random -cut CaF :Sm' 
77°K i n  t h e  range  o f  31000 -  33000 cm
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Fig. 5-52. E x c i ta t io n  spectrum of random-cut CaF :Sm c ry s ta l [h e a te d  
to 1050°C) a t  77°K in  the range of 20000 -  22000 cm
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Fig. 5-53. E x c i ta t io n  spectrum of random-cut CaF :Sm c ry s ta l  (heated 
to 1050°C) a t  77°K in  the range of 24000 - 26000 cm




















D R U M  R B A D J N G *
3"f~Fig. 5-54 E x c i ta t io n  spectrum of random-cut CaF :Sm c r y s t a l s  (heated 
to 1050°C) a t  77°K in  the range o f  26000 - 29000 cm
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[ C o n t 'd .  from page 6 6 ]
a re  u s e d  to  i d e n t i f y  them in  T a b le  5 -5  and 5 - 6 ,  where a summary o f  
t h e i r  e n e r g i e s  i s  g i v e n .  I l l u m i n a t i n g  t h e  c r y s t a l  w i th  l i g h t  o f  
w a v e le n g th s  c o r r e s p o n d in g  to  e ach  peak  i n  t h e  e x c i t a t i o n  s p e c t r a ,  
an e m is s io n  sp e c t ru m  o f  t h e  g r e e n  lu m in e sc e n c e  was t a k e n  p h o t o g r a p h i c a l l y .  
The r e s u l t s  showed t h a t  a l l  t h e  e x c i t a t i o n  p e a k s  gave  e s s e n t i a l l y  an 
i d e n t i c a l  g r e e n  e m is s io n  s p e c t ru m .  Some t y p i c a l  exam ples  o f  th e  g r e e n  
e m is s io n  th u s  o b t a i n e d  a re  shown i n  F i g s .  5 -55  to  5-58 and F i g s .  5-61 
to  5 -6 3 .
3+
F o r  th e  o b s e rv e d  C aF^H o s p e c t r a ,  t h e  SLJ a s s ig n m e n ts
were made by a co m p a r iso n  w i th  t h e  c a l c u l a t e d  f r e e  i o n  e n e rg y  l e v e l s
3+
[ 1 - 1 ] .  The t e n t a t i v e  SLJ a s s ig n m e n ts  f o r  th e  C aF^Sm  s p e c t r a  were
made by com paring  th e  o b s e rv e d  r e s u l t s  w i th  t h e  c a l c u l a t e d  e n e rg y  l e v e l s  
3"b
o f  Sm i n  acqueous  s o l u t i o n  [ 1 - 3 ] .
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3^
Table 5-5  Summary o f  E x c i t a t i o n  Spectrum o f  CaF^Ho a t  77 K
SLJ E x c i t a t i o n  Peak
A ssignm ent peak  (cm” -*-) Number
C e n t r o i d  
o f  peaks  
(cm " l)
D i f f e r e n c e  w i th  



























































































c o n t i n u e d
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E x c i t a t i o n  
peak  (cm- 1 )
Peak
Number
C e n t r o i d
o f  peaks
f -1  \ *  (cm 1 )
D i f f e r e n c e  w i th  




30066 8 30147 +114
30230 9
>30285 10
/3 3 9 4 4 1
34083 2 34100 -179
,34270 3
34868 4 34868 +257
35907 5 35907 -  48
36153 6 36153 +114
37764 1 37764 -  91
38095 2 38095 +119
T a b le  5 -6  Summary o f  E x c i t a t i o n  S pec trum  o f  CaF-:Sm'
( h e a t e d  to  900°C) a t  77°K
3+
SLJ E x c i t a t i o n  Peak
A ssignm ent peak  (cm"-*-) Number
C e n t r o id  
o f  peaks
/ \ i(cm A )
D i f f e r e n c e  w i th  
























c o n t i n u e d
£  E. I .► * • 1 X 1The c e n t r o i d s  a re  assumed to  be g iv e n  by t h e  fo rm u la  E =  — —  
where E. and I .  a re  t h e  e n e rg y  and r e l a t i v e  i n t e n s i t y  . i
o f  a g iv e n  peak* r e s p e c t i v e l y .  1
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Table 5-6 (c o n t in u e d )
SLJ E x c i t a t i o n  
A ssignm ent peak  (cm"'-)
Peak
Number
C e n t r o i d  
o f  p e a ^ s  
(cm” -*-)
D i f f e r e n c e  w i th  


































25064 -  65









25650 -  12






26700 -  40
\ 7 / 2
26881 12 26881 -1 3 2
S/2 ^f 27211 27307 1314 27282 - 75





^ h / 2 27808 18 27808 -  85
\ 5 / 2 28694
1 28694 +  38
c o n t in u e d
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Table 5-6 (co n t in u e d )
SLJ
A ssignm ent
E x c i t a t i o n  
peak  ( c n r l )
Peak
Number
C e n t r o i d  
o f  p e a k s  
( cm” 1)*
D i f f e r e n c e  w i th  









28926 +  86
\ l 2 29154 5
29154 -  47
\ l / 2 29256 6 29256 +125


















31515 3 31515 -  7
4P
5 /2
32797 7 32797 -  91
■ i i i
The c e n t r o i d s  a re  assumed to  be g iv e n  by th e  fo rm u la  E = £  ^ ,
l  i
w here Ej and I j  a re  t h e  e n e rg y  and r e l a t i v e  i n t e n s i t y  o f  a g iv e n  p e a k .
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5-4  Em ission S p e c t ra
The e x p e r im e n ta l  s e t - u p  f o r  o b t a i n i n g  t h e  e m is s io n  s p e c t r a  
was e s s e n t i a l l y  t h e  same as t h a t  f o r  t h e  e x c i t a t i o n  s p e c t r a ,  e x c e p t  t h a t  
i n  t h i s  c a s e  t h e  d e t e c t i n g  e le m e n ts  ( b lo c k s  H, I  and J  i n  F i g .  5 -6 )  were 
r e p l a c e d  by a s p e c i a l l y  d e s ig n e d  home-made cam era .  Kodak 3-X f i l m  was 
u s e d  f o r  r e c o r d in g  t h e  e m is s io n  s p e c t r a .  The e n t r a n c e  s l i t  o f  th e  
s p e c t r o g r a p h  was s e t  a t  0 .1  mm th ro u g h o u t  t h e  m e a su rem e n ts .  The 
e x p o s u re  t im e s  v a r i e d  be tw een  1 /2  h o u r  and 4 h o u rs  d epend ing  on th e  
e m is s io n  i n t e n s i t i e s .  The o b s e rv e d  s p e c t r a  w ere  c a l i b r a t e d  by 
s u p e r im p o s in g  m ercu ry  l i n e s  on t h e  same f i l m .
3+ o 3+The e m is s io n  s p e c t r a  o f  b o th  C a F ^ ^ o  and C aF^Sm  c r y s t a l s
a t  v a r i o u s  e x p e r im e n ta l  c o n d i t i o n s  w ere  o b t a i n e d .  The m ic r o d e n s i to m e te r
t r a c e s  o f  t h e s e  s p e c t r a  a r e  shown i n  F i g .  5-5^5 bo F i g .  5 - 6 3 .  A summary
o f  th e  e x p e r im e n ta l  c o n d i t i o n  f o r  t h e s e  f i g u r e s  i s  g iv e n  i n  T ab le  5 - 7 .
The v a r i o u s  p e a k s  a re  num bered and t h o s e  num bers a re  u s e d  to  i d e n t i f y
them i n  T ab le  5-8  and w here t h e  summary o f  t h e i r  e n e r g i e s  i s  g i v e n .
[ t e x t  c o n t .  on p .I j5 2 ]
T a b le  5-7  Summary o f  F i g u r e s  R e g a rd in g  E m iss io n  S p e c t r a
F ig u re  E x c i t i n g  S p e c t r a l










CaF :Ho2  
CaF^:Ho
CaF |:H o 3 +
CaFo :Ho3̂ ~ 
CaF2 :Ho3+ 
CaF2 :Ho3+
C aF2 :Sm3^ 
CaF2 :Sm3 
CaF2 :Sm3+
As R e c e iv e d 300°K 4447 5300-5600
As R e c e iv e d 77°K 4447 5300-5600
Heated to 900^0 77°K 4447 5300-5600
H e a ted  to  900°C 77°K 4537 5300-5600
As R e c e iv e d 300°K 4817 6300-6600
As R e c e iv e d 77°K 4817 6 300-6600
As R e c e iv e d 300°K 4010 5500-5800
H e a ted  to  900°C 77°K 4070 5600-5900
H e a ted  t o  900°C 300°K 4740 5500-5800

















M v / ) » e L E N $ r H  f f i )
Emission spectrum of as received CaF2 :H_ _ __
range o f  5300 -  5600&., using 4447& l ig h t  as e x c i t in g  source
Fig. 5-55


















5600 5500 5V00 5300
h / f i  i / e i  G N  0  r H  f f t )
3+ o
Fig. 5-56. Emission spectrum of as received  CaF2 :Ho a t 77 K in the
range of 5300 - 5600^ using 4447^ l ig h t  as e x c i t in g  source



















P Y A  V E L E N Q T H  ( A )
Emission spectrum o f  CaF2 :Ho (heated to 900°C) a t  77°K in  the 
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(ft)-    .
Fig. 5-58. Emission spectrum o f  CaE^iHo (heated to  9QQ°C) a t 77°K in  the 
rnage o f  5300 - 5600&, using 4537& l ig h t  as ex c i t in g  source
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Fig; i 5fc5^:*, |"Ernls'sit5n;3gfectrum: of- as receive-d Oat- :Ho^-i:rY'Stiai'-at‘ l30Q^R
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';i Fig; 5-60. Emission spectrum o f  as received  CaF^:Ho^^crystal 
! a t  77°K in  the range o f  6300. -








kV /)V E L E N G T H  {/})
3+ o
Fig. 5-61. Emission spectrum of as received CaF^iSm c ry s ta l  a t  300 K in 
the range o f  5500-5800&^ using 4010a l ig h t  as e x c it ing  source








k v /i VELENCrTH (ft)
Fig. 5-62. Emission spectrum o f  CaF :Sm3+ (heated  to 900°C) a t  77°K in
the range o f  5600-5900&, using 4070a l i g h t  as ex c i t in g  source




h f f i i t G  L . E N Q  T H  (f t )
Fig. 5-63. Emission spectrum o f  CaF2 :Sm (heated  to  900°C) a t  300°K in 
the range o f  5500-5800&, using 4740& l ig h t  as e x c i t in g  source
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T able 5-8 Summary o f  E m ission  S p e c tra








C e n t r o i d *  






























































5-61 /  17637 1
5-61 J 17730 2
5-61 4G5 /2 < 17794 3
5-61 ] 17851 4
5-61 V 17908 5
17741
c o n t in u e d
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C e n t r o i d *  






5 -5  T herm olum inescence
The c r y s t a l  was p l a c e d  i n  t h e  c r y s t a l  h o l d e r  o f  t h e  cu s to m - 
made Andonian vacuum c r y o s t a t .  The c r y s t a l  h o l d e r  c o u ld  be h e a t e d  by a 
h e a t e r  o f  Nichrom e r e s i s t a n c e  w i r e .  Power was s u p p l i e d  to  t h e  h e a t e r  
from a D e l t r o n  Model ED-20-1 v a r i a c  o p e r a t e d  a t  1 2 .5  v  and 0 .4 5 A . A 
c o p p e r - c o n s t a n t a n  th e rm o c o u p le  was u s e d  to  c o n t i n u o u s l y  r e a d  th e  te m p e ra ­
t u r e  o f  t h e  c r y s t a l .  The th e rm o c o u p le  o u t p u t  was c o n t i n u o u s l y  m o n i to re d  
by a H e w le t t - P a r k a r d  ty p e  7128A, s t r i p  c h a r t  r e c o r d e r .
The c r y s t a l  was f i r s t  c o o le d  down to  l i q u i d  n i t r o g e n  
t e m p e r a tu r e  (LNT), t h e n  i r r a d i a t e d  w i t h  X - ra y  f o r  1 h o u r  a t  t h a t  
t e m p e r a t u r e .  The X - ra y  tu b e  w h ich  h ad  a c o p p e r  t a r g e t  was o p e r a t e d  
a t  40 kv and 20 mA. The g e n e r a l  g low  c u r v e s  and t h e i r  s p e c t r a l
■jV B J  E I
The c e n t r o i d  i s  assumed to  be g iv e n  by th e  fo rm u la  E =  i  i  i  ,
w here E. and I .  a re  t h e  e n e rg y  and r e l a t i v e  i n t e n s i t y  £  I .
c ■ 1 f  1 1o f  a g iv e n  p e a k .
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c o m p o s i t io n  w ere  t a k e n  i n  t h e  f o l l o w i n g  way. An EMI ty p e  6256 p h o to ­
m u l t i p l i e r  was p l a c e d  a t  one window o f  t h e  c r y o s t a t  to  a l lo w  t h e  t o t a l  
glow  to  be r e c o r d e d .  The p h o t o c u r r e n t  from t h i s  p h o t o m u l t i p l i e r  was 
f e d  to  a K e i t h l e y  ty p e  410 m ic ro m ic ro m e te r ,  t h e  o u t p u t  o f  w hich  was 
r e c o r d e d  by th e  I l e w l e t t - P a r k a r d  c h a r t  r e c o r d e r .  The o p p o s i t e  window 
o f  th e  c r y o s t a t  was b r o u g h t  as c l o s e  as  p o s s i b l e  to  th e  e n t r a n c e  s l i t  
o f  th e  home-made g r a t i n g  s p e c t r o g r a p h .  The th e rm o lu m in e s c e n c e  s p e c t r a  
were  t a k e n  p h o t o g r a p h i c a l l y  by u s in g  a s p e c i a l l y  d e s ig n e d  cam era  p l a c e d  
a t  t h e  e x i t  o f  t h e  s p e c t r o g r a p h .  The h e a t i n g  r a t e  i n  t h e  m easu rem en ts
was c o n s t a n t  and was s e t  a t  l l° /m m . The glow  c u r v e s  and t h e i r  s p e c t r a
3+ 3+f o r  CaF^^Ho and C aF^Sm  a r e  g iv e n  i n  f i g u r e s  5 -6 4  to  5 - 6 9 .  The 
a c t i v a t i o n  e n e r g i e s  o f  t h e  th e r m o lu m in e s c e n t  p e a k s  w ere  e s t i m a t e d  by 
em ploy ing  t h e  fo rm u la
w here H i s  t h e  a c t i v a t i o n  e n e r g y ,  k  i s  B o l tzm an n ’ s c o n s t a n t ,  T i s  t h e
S
te m p e r a tu r e  o f  t h e  g low peak  maximum, and H i s  t h e  t e m p e r a tu r e  a t  h a l f ­
i n t e n s i t y  on t h e  h ig h  t e m p e r a t u r e  s i d e  o f  t h e  p e a k .  The c a l c u l a t e d  
r e s u l t s  a r e  p r e s e n t e d  i n  T a b le s  5-9  to  5 -1 2 .
(5 -1 )T -  T 
2 g
T ab le  5 -9  A c t i v a t i o n  E n e r g i e s  o f  T h e rm o lu m in escen t  
P eaks  i n  C a F ^ H o ^  ( a s  r e c e i v e d  c r y s t a l )


























F i g .  5 - 6 4 .  G e n e r a l  g l o w  c u r v e  o f  a s  r e c e i v e d  CaF^iHo


















Fig. 5-65. General glow curve of CaF^iHo heated to  1050 C
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W A V E L E N G T H  A
J /
Fig* 5 -66 . S p e c t r a l  c o m p o s i t io n  o f  t h e  glow from an as r e c e iv e d  CaF2 :Ho c r y s t a l  R a f te r  





T E M P E R /=) T O R E  °K
3+
Fig. 5-67. General glow curve of as receivdd CaF^iSm


















T E M P E R / I  T U R e  °K
Fig. 5-68. General glow curve of CaF^iSm heated to 1050°C














5 0 0 0 6 0 0 0 7 0 0 0
WAVELENGTH ( A )
Fig. 5-69. Spec tra l  composition o f  the glow from an as received  Cai^Sm' 
c ry s ta l  ( a f t e r  Schl&singer and Whippey [6-8])
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T a b le  5 -1 0  A c t i v a t i o n  E n e r g i e s  o f  T h e rm o lu m in escen t  
Peaks i n  C a F ^ H o ^  ( h e a t e d  to  1050°C)
Peak T em pera tu re  (K°) A c t i v a t i o n  E nergy  (ev )
1 224 0 .3 1
2 291 0 .8 1
T ab le  5-11  A c t i v a t i o n  E n e r g i e s  o f  T h e rm o lu m in escen t  
Peaks  i n  CaF rSm̂ "*" ( a s  r e c e i v e d  c r y s t a l )
Peak T e m p era tu re  (K°) A c t i v a t i o n  E ne rgy  (ev )
1 132 0 .3 7
2 153 0 .3 2
4 227 0 .7 4
peak  3 i s  too  weak t o  be e v a l u a t e d
T a b le  5 -1 2  A c t i v a t i o n  E n e r g i e s  o f  T h e rm o lum inescen t  
Peaks  i n  CaF^iSm^ ( h e a t e d  to  1050°C)
Peak T em pera tu re  (K°) A c t i v a t i o n  E nergy  (ev )
1 233 0 .4 2
5-6  Some T e m p era tu re  E f f e c t s
I n  a s p e c i a l  s e r i e s  o f  m easu rem en ts  we u s e d  l i q u i d  h e l iu m  
to  c o o l  o u r  sam p les  to  lo w e r  t e m p e r a t u r e s .
F i r s t  t h e  t e m p e r a tu r e  a t t a i n e d  was 128°K, as  r e c o r d e d  by 
a c o p p e r  c o n s t a n t a n  th e rm o c o u p le .
I n  t h e  se co n d  s t a g e  t h e  t e m p e r a tu r e  a t t a i n e d  was low er  
t h a n  LNT b u t  was n o t  e x a c t l y  known as i n  t h i s  low er  t e m p e r a tu r e  ran g e
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t h e  th e rm o c o u p le  c a n n o t  g iv e  r e l i a b l e  i n f o r m a t io n  a b o u t  t h e  t e m p e r a tu r e  
o f  th e  c r y s t a l .  I n s t e a d ,  t h e  unknown t e m p e r a tu r e  was e s t i m a t e d  i n d i r e c t l y  
by m e a su r in g  t h e  h a l f - w i d t h s  o f  c e r t a i n  s p e c t r a l  l i n e s  and u s in g  th e  
r e l a t i o n
S « / T  ( 5 - 2 )
w here 8 i s  t h e  h a l f - w i d t h  o f  a s p e c t r a l  l i n e ,  and T i s  t h e  a b s o lu t e  
t e m p e r a tu r e  o f  t h e  c r y s t a l .  I t  was found  t h a t  t h e  unknown te m p e r a tu r e  
was a p p ro x im a te ly  50°K.
3+
The e x c i t a t i o n  s p e c t r a  o f  h e a t  t r e a t e d  c r y s t a l s  o f  CaF^tSm 
a t  b o th  t e m p e r a t u r e s  m e n t io n e d  above w ere  o b t a i n e d  em p loy ing  th e  same
s e t - u p  as d e s c r i b e d  i n  S e c t i o n  5 - 3 .  Some t y p i c a l  exam p les  o f  r e s u l t s
a r e  p r e s e n t e d  i n  F i g .  5 -70  and F i g .  5 - 7 1 .
An a t t e m p t  was made to  e s t i m a t e  t h e  e n e r g i e s  o f  th e  two 
lo w e s t  S t a r k  com ponents  o f  t h e  c r y s t a l  s p l i t  g ro u n d  s t a t e  ( H , .^ )
3+
Sm i n  CaF^ by assum ing t h e  f o l l o w i n g :
(1 )  The p h o t o c u r r e n t  i n  t h e  p h o t o m u l t i p l i e r  i s  
l i n e a r l y  p r o p o r t i o n a l  to  t h e  number o f  
p h o to n s  e n t e r i n g  t h e  p h o t o m u l t i p l i e r .
(2 )  The p r o b a b i l i t i e s  o f  n o n - r a d i a t i v e  t r a n s i t i o n s  
a re  t e m p e r a tu r e  i n d e p e n d e n t .
(3) The intensity o f  a given spectral line is
l i n e a r l y  p r o p o r t i o n a l  to  i t s  maximum peak
h e i g h t .
Thus t h e  r a t i o  o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  s p e c t r a l  
p e a k s  a t  v a r i o u s  t e m p e r a t u r e s  w ere  c a l c u l a t e d  and a re  p r e s e n t e d  i n  
T ab le  5-13  and T a b le  5 -1 4 .
















D R U M  R 6 F /P D /A / Cr
n
Fig. 5-70. E x c i ta t io n  spectrum of CaF^iSm (heated to 900 C) a t 
300°K in  the range of 25500 - 28000 cm” '*'
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D R U M  R E f i D / N G r
7 1 .  E x c i t a t i o n  s c e r t tu m  o f  G t l lrS m  ( h e a t e d  t o  900°C) a t  48°K i n  ,the range o f  25500' ■ k _ - v - *  ' oonnn
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T ab le  5 -13  R a t io s  o f  R e l a t i v e  I n t e n s i t i e s  o f  'A b s o rp t io n '  Peaks 
O r i g i n a t i n g  from  t h e  Low est S t a r k  Components o f  
th e  Ground S t a t e  ° f  i n  CaF^
Peak  ( s e e  
F i g .  5 -71) h / 1 3 I l / I .4 ' 2 / I 4 I 3 / I .4
2 0 . 5 0 0 .2 9 0 .5 1 0 .5 8
5 0 .5 3 0 .3 4 0 .5 3 0 . 6 6
6 0 .4 7 0 .2 7 0 .4 2 0 .5 8
7 0 .5 2 0 .3 1 0 .5 4 0 .6 1
8 0 .5 2 0 .3 2 0 .5 1 0 .6 2
1 2 0 .5 3 0 .3 1 0 .6 0
13 0 .5 4 0 .3 2 0 .6 0
Average 0 .5 1 0 .3 0 0 .5 0 0 .6 0
w here  I I 1 ^ and 1 ^ a r e  th e  r e l a t i v e  i n t e n s i t i e s  
o f  a g iv e n  a b s o r p t i o n  p e a k  a t  t e m p e r a t u r e s  o f  300°K, 
128°K, 77°K and 48°K r e s p e c t i v e l y .
T ab le  5 -1 4  R a t io s  o f  R e l a t i v e  I n t e n s i t i e s  o f  'A b so rp t io n ' Peaks  
O r i g i n a t i n g  from  t h e  n e x t  to  t h e  Lowest S t a r k  Com­
p o n e n ts  o f  t h e  Ground S t a t e  *^ 5 / 2  o f  S m ^  i n  CaF
Peak ( s e e  
F i g .  5 -71) I l / I ,4 ' 2 / I 4 I a / I *
1 0 . 6 8 0 .4 5 0 . 6 6
4 0 .7 1 0 .4 8 0 .6 1 0 .6 7
9 0.71 0.48 0.67
1 0 0 .7 4 0 .4 7 0 .6 3
1 1 0 .6 7 0 .4 2 0 .6 3
3 0 .7 1
Average 0 .7 0 0 .4 6 0 .6 1 0 .6 5
w here 1 ^ ,  I , I ^  and I ,  a re  t h e  r e l a t i v e  i n t e n s i t i e s  o f  
a g iv e n  a b s o r p t i o n  p e a k  a t  t e m p e r a t u r e s  o f  300°K, 128°K, 
7 7 °K and 48°K r e s p e c t i v e l y .
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By u s in g  t h e  r e l a t i o n s h i p  be tw een  i n t e n s i t y  and p o p u l a t i o n  
o f  a g iv e n  s t a t e
I / I '  = exp {- |  ( i  -  * ) }  (5 -3 )
w here  E i s  t h e  e n e rg y  o f  one o f  t h e  lo w e s t  S t a r k  com ponents  o f  th e  
£
g ro u n d  s t a t e  ^ 5 / 2 * T an(* T ' a re  a^ s ° l u t e  t e m p e r a t u r e s  o f  t h e  c r y s t a l ,
t h e  e n e r g i e s  o f  t h e  two lo w e s t  S t a r k  com ponents  o f  t h e  s t a t e  ^ 5 / 2  were
- 1  -1e s t i m a t e d  to  be -49  cm and -25  cm w i t h  r e s p e c t  to  t h e  u n s p l i t  s t a t e .  
U sing  t h e s e  e s t i m a t e d  v a l u e s  o f  E and t h e  e x p r e s s i o n  o f  ( 5 - 3 ) ,  t h e  
unknown t e m p e r a tu r e  c a l c u l a t e d  by ( 5 - 2 )  was re c h e c k e d  and was found  
to  be in d e e d  e q u a l  t o  48°K. I t  i s  s e en  from  t h i s  e x a m p le ,  t h a t  by 
p r o p e r l y  u t i l i z i n g  t e m p e r a t u r e  e f f e c t s  t h e  p r e s e n t  t e c h n i q u e  o f
lu m in e sc e n c e  e x c i t a t i o n s  gave  re m a rk a b ly  d e p e n d en t  i n f o r m a t i o n  abou t
6  + 3
t h e  c r y s t a l  f i e l d  s p l i t t i n g  o f  t h e  g ro u n d  H5 / 2  s t a t e  t îe
CaF^ m a t r i x .  I t  shows th e n  t h a t  f u r t h e r  work i n  t h i s  d i r e c t i o n  m ig h t
y i e l d  v a l u a b l e  s p e c t r o s c o p i c  i n f o r m a t i o n  .
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CHAPTER VI
DISCUSSION AND ANALYSIS OF RESULTS
6-1  G e n e ra l  Remarks on t h e  E x p e r im e n ta l  T echn ique  and P ro p o se d  Mechanism 
As p o i n t e d  o u t  i n  s e c t i o n  1 -2 ,  one o f  t h e  m ain  p u r p o s e s  o f  
t h e  p r e s e n t  work i s  to  s tu d y  e f f e c t s  o f  d i f f e r e n t  sy m m e tr ie s  s u r r o u n d in g  
t h e  t r i v a l e n t  r a r e  e a r t h  i o n s  i n  t h e  CaF^ c r y s t a l .  I t  h a s  been  found
[ 2 - 2 3 ,  2 -2 8 ,  2 -2 9 ,  6 -1  and 6 - 2 ]  t h a t  p r o p e r  h e a t  t r e a t m e n t  o f  t h e  c r y s t a l
33-
r e s u l t s  i n  c h a n g in g  t h e  symmetry s u r r o u n d in g  t h e  RE . As a r e s u l t  o f  
t h e  h e a t  t r e a t m e n t ,  ho w ev er ,  t h e  c r y s t a l  u s u a l l y  becomes opaque and 
m i lk y .  T h is  makes t h e  s tu d y  o f  t h o s e  c r y s t a l s ,  by means o f  o r d i n a r y  
a b s o r p t i o n  m ea su re m e n ts ,  a lm o s t  i m p o s s i b l e .  F u r t h e r  e m is s io n  m e a su re ­
m en ts  a r e  a l s o  d i f f i c u l t  a s  e m is s io n  i n t e n s i t i e s  from h i g h e r  l y in g  
l e v e l s  a r e  q u i t e  weak and h a r d l y  d e t e c t a b l e .  A s o l u t i o n  t o  t h e s e  
d i f f i c u l t i e s  e n c o u n te r e d  i n  a b s o r p t i o n  and e m is s io n  m easu rem en ts  i s  
found  i n  a p p ly in g  t h e  s o - c a l l e d  'g r e e n  lu m in e sc e n c e  e x c i t a t i o n  t e c h n i q u e ' .  
A n o th e r  f e a t u r e  o f  t h e  lu m in e s c e n c e  e x c i t a t i o n  t e c h n iq u e  i s  t h a t  o f t e n ,  
d ep en d in g  on t h e  o r i g i n  and p r e v i o u s  h i s t o r y  o f  th e  c r y s t a l ,  a b s o r p t io n  
ban d s  o f  d i f f e r e n t  o r i g i n s  e x i s t  i n  t h e  o p t i c a l  r e g io n  o f  i n t e r e s t .
The p r e s e n t  t e c h n i q u e  can  be u t i l i z e d  t o  y i e l d  d a t a  c h a r a c t e r i s t i c  o f  
t h e  t r i p l y  i o n i z e d  r a r e  e a r t h  a lo n e .
The m echanism  r e s p o n s i b l e  f o r  g i v i n g  th e  g r e e n  e m is s io n  i n  
3+ 3+b o th  c a s e s  o f  CaF^JHo and C aF^Sm  c r y s t a l s  i s  b e l i e v e d  to  be due
146
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to  a p r o c e s s  p r e s e n t e d  i n  F i g .  2 - 3 .  The p h y s i c a l  e x p l a n a t i o n  o f  t h i s  
phenomenon was g iv e n  and d i s c u s s e d  u n d e r  t h e  s u b j e c t  ' n o n - r a d i a t i v e  
p r o c e s s '  i n  s e c t i o n  4 - 3 .  E v id e n ce  to  s u p p o r t  t h i s  p ro p o s e d  m echanism 
w i l l  be g iv e n  be low .
6 -2  P o s s i b l e  M odels f o r  t h e  E f f e c t s  o f  H eat T re a tm e n t
I n  a f i r s t  a t t e m p t  to  i n t e r p r e t  t h e  r e s u l t s ,  i t  i s  d e s i r a b l e  
to  d i s c u s s  v a r i o u s  p o s s i b l e  m odels  f o r  t h e  o b s e rv e d  r e s u l t s .  P a r a l l e l  
to  m odels  s u g g e s t e d  by s e v e r a l  p r e v i o u s  a u th o r s  [6 -1  and 6 - 2 ]  we 
c o n s id e r e d  th e  f o l l o w i n g  as p o s s i b l e  m o d e ls .
( l )  The e f f e c t  o f  t h e r m a l  t r e a t m e n t  o f  t h e  c r y s t a l  c o n s t i t u t e  
a 3 - s t a g e  p r o c e s s .  At t h e  f i r s t  s t a g e ,  t h e  ' a s  r e c e i v e d  c r y s t a l '  h a s  
a p re d o m in a n t  c u b ic  symmetry s u r r o u n d in g  t h e  t r i p l y  i o n i z e d  r a r e - e a r t h
3“|— 34-
i o n s  (RE ) .  T hus , e a ch  RE io n  i s  a t  t h e  c e n t r e  o f  a cube  o f  e i g h t
3 +
f l u o r i n e  i o n s .  The e x c e s s i v e  p o s i t i v e  c h a rg e  on th e  RE i s  co m pensa ted
-  3"bby a F io n  a t  some i n t e r s t i t i a l  p o s i t i o n  s u f f i c i e n t l y  f a r  from  th e  RE
At t h e  b e g in n in g  o f  t h e  h e a t  t r e a t m e n t  w a t e r  m o le c u le s  ( p r e s e n t  a t  a l l
t im e s  i n  open a i r )  d i s s o c i a t e  a t  t h e  c r y s t a l  s u r f a c e  i n t o  H and OH
i o n s .  G aseous HF i s  form ed and t h e  OH i o n s  t a k e  p l a c e  o f  a n e a r e s t
n e ig h b o r in g  F . When t h i s  hap p en s  t h e  p r e v i o u s  symmetry o f  t h e  c r y s t a l
3 +  -
f i e l d  a round  RE w i l l  be  d e s t r o y e d  due to  t h e  e l e c t r i c a l  d i p o l e  o f  OH
resulting possibly in a trigonal field symmetry (^.y) • This is the
s eco n d  s t a g e .  As h e a t  t r e a t m e n t  g o es  o n ,  t h e  OH i o n s  d i s s o c i a t e  i n t o  
2 -  "P 3 +0 and H i o n s .  The r e q u i r e d  c h a rg e  c o m p e n sa to r  o f  t h e  RE (w hich  
2+
i s  r e p l a c i n g  a Ca i o n ) ,  a t  t h i s  t h i r d  s t a g e ,  i s  t h e n  a c h ie v e d  by an
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2-
0 io n  s u b s t i t u t i n g  f o r  a n e ig h b o r in g  F i o n .  The r e s u l t i n g  c r y s t a l
3 +
f i e l d  s u r r o u n d in g  th e  RE i s  b e l i e v e d  to  be a  d i f f e r e n t  ty p e  o f  
sym m etry . At t h i s  s t a g e ,  we b e l i e v e ,  t h e  g r e e n  lu m in esc e n c e  e x c i t a t i o n
v i a  an e x c i t a t i o n  i n t o  one  o f  t h e  h i g h e r  l y in g  e x c i t e d  s t a t e s  o f  th e
3"b
RE i s  n o t  p o s s i b l e .  I n  o t h e r  w o rd s ,  t h e  d ecay  from  t h e s e  s t a t e s  i n t o
t h e  Em s t a t e  ( s e e  F i g .  2 - 3 ,  h e r e  EM s t a n d s  f o r  and ^F^ s t a t e s  i n
3+ 4  3 +
CaF^rHo , and G5 / 2  i n  ) become im p ro b a b le .
T h is  model c a n  be sum m arized as  f o l l o w s .  The c r y s t a l  f i e l d
34-
s u r r o u n d in g  t h e  RE s t a r t s  w i t h  an 0^ sym m etry . Then th ro u g h  an 
i n t e r m e d i a t e  s t a g e  o f  C^v  symmetry e n d s  up w i t h  a n o th e r  ty p e  o f  
sym m etry .
(2 )  The se c o n d  p o s s i b l e  model i s  a s  f o l l o w s .  The c r y s t a l
3 +
f i e l d  s u r r o u n d in g  t h e  RE p o s s e s s e s  t h e  symm etry, i . e . ,  t h e  r e q u i r e d
34-
c h a rg e  c o m p e n sa to r  o f  t h e  RE i s  an F io n  i n t e r s t i t i a l l y  a t  t h e  n e a r e s t  
c u b e .  Through h e a t  t r e a t m e n t ,  t h e  c o m p e n s a to r  F i s  r e p l a c e d  by aiOH
3 +
i o n  r e s u l t i n g  i n  a d i f f e r e n t  t y p e  o f  C * symmetry s u r r o u n d in g  t h e  RE
—  2 -
Upon f u r t h e r  h e a t  t r e a t m e n t ,  OH i o n s  d i s s o c i a t e  i n t o  0 and H i o n s .
3 +
The c r y s t a l  f i e l d  s u r r o u n d in g  t h e  RE a g a in  en d s  up w i th  a s ymmetry
as i n  t h e  c a s e  o f  t h e  f i r s t  m o d e l .  T h is  model can  be sum m arized as 
f o l l o w s :
C. C * _  C *4v 4v 3v
(3 )  The t h i r d  p o s s i b l e  model i s  s u g g e s t e d  t o  be a 4 - s t a g e  
p r o c e s s .  The as  r e c e i v e d  c r y s t a l  s t a r t s  w i t h  a p red o m in a n t  b u t  n o t
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e x c l u s i v e l y  0^ symmetry s u r r o u n d in g  t h e  RE . At t h e  b e g in n in g  o f  t h e  
h e a t  t r e a t m e n t ,  OH io n s  r e p l a c e  F i o n s  a t  b o th  l a t t i c e  s i t e s  as  w e l l
as  a t  i n t e r s t i t i a l  p o s i t i o n s  th ro u g h  m i g r a t i o n .  R e s u l t i n g  from  t h i s ,
3 +
a m ix tu re  o f  and s y m m e tr ie s  s u r r o u n d in g  t h e  RE i o n s  a re
fo rm ed . The num bers o f  s i t e s  w i t h  C o r  sy m m etr ie s  w i l l  n o t
n e c e s s a r i l y  be t h e  same. As h e a t  t r e a t m e n t  g o e s  o n ,  t h e  OH io n s  
2-  +
d i s s o c i a t e  i n t o  0 and H i o n s .  As a r e s u l t  o f  m ig r a t i o n  o f  f l u o r i n e
v a c a n c i e s  and i n s t e r s t i t i a l  i o n s ,  e v e n t u a l l y  t h e  c r y s t a l  f i e l d s
3~hs u r r o u n d in g  RE a g a in  end  up w i t h  h a v in g  p re d o m in a n t ly  t h e
2 -
symmetry and w i th  0 as  t h e  c h a rg e  c o m p e n s a to r .  Upon f u r t h e r  h e a t
t r e a t m e n t ,  more f l u o r i n e  v a c a n c i e s  a r e  c r e a t e d .  E l e c t r o n s  f r e e d  d u r in g
h e a t  t r e a t m e n t  a re  t r a p p e d  a t  t h e s e  F v a c a n c i e s  and ' F - c e n t r e s '  a re
t h u s  fo rm e d .  S in c e  t h e  c o l o r  c e n t r e s  i n  CaF^ have a s t r o n g  a b s o r p t i o n
band  i n  t h e  g r e e n  r e g i o n  [ 6 - 3 ] ,  i t  i s  p o s s i b l e  t h a t  t h e  g r e e n  lu m in esc e n c e  
3+ ,  3+ 3+v
from  th e  RE [Ho o r  Sm ) i s  no l o n g e r  o b s e r v a b l e  as  a r e s u l t  o f  
t h e  F - c e n t r e s  s e l f - a b s o r p t i o n .  S h o u ld  t h i s  be t h e  c a s e ,  i t  m igh t  
e x p l a i n  why a l l  t h e  p e a k s  i n  t h e  g r e e n  lu m in e s c e n c e  e x c i t a t i o n  s p e c t r a  
a lm o s t  c o m p le te ly  d i s a p p e a r  a f t e r  s u f f i c i e n t  h e a t  t r e a t m e n t  o f  t h e  
c r y s t a l .  T h is  model can  be  sum m arized as f o l l o w s :
°h -  (C3V + V  -  C3V* -  °3v* + (F
A ll  t h e  m odels  d i s c u s s e d  above a re  p o s s i b l e .  However, i n  
v iew  o f  o u r  o b s e rv e d  r e s u l t s ,  we s h a l l  c o n c lu d e  t h a t  t h e  f i r s t  model i s  
t h e  m ost p r o b a b le  o n e .  E v id e n c e  to  s u p p o r t  t h i s  c o n c lu s i o n  w i l l  be  seen  
i n  t h e  f o l l o w in g  few s e c t i o n s .
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6 -3  D i s c u s s io n  o f  A b s o r p t io n  S p e c t r a
3 4 -
( a )  C aF ^H o  - -A s  p o i n t e d  o u t  i n  s e c t i o n  6 - 1 ,  due to  t h e  
opaque m i l k i n e s s  o f  t h e  h e a t  t r e a t e d  c r y s t a l ,  i t  was n o t  p o s s i b l e  to  
o b t a i n  a s a t i s f a c t o r y  a b s o r p t i o n  sp e c t ru m  from  h e a t  t r e a t e d  s a m p le s .
F i g .  5 -1  and F i g .  5 -2  i s  an a b s o r p t i o n  sp e c t ru m  o f  th e  ' a s  r e c e i v e d '
3 +  - i  - i
CaF^sHo c r y s t a l  i n  t h e  s p e c t r a l  r e g io n  o f  15000 cm to  42000 cm .
O th e r  t h a n  t h e  p r e s e n t ,  t h e  m ost r e c e n t  i n v e s t i g a t i o n  o f  th e  a b s o r p t io n
3+
sp e c t ru m  o f  C aF^H o was done by E rsh o v  and Pimenov [2 -4 4  and 2 - 4 5 ] ,
-1
i n  w hich  a r e l a t i v e l y  p o o r ly  r e s o l v e d  s p e c t ru m  i n  t h e  r e g io n  o f  4100 cm 
to  30000 cm  ̂ was p r e s e n t e d  ( s e e  F i g .  1 o f  r e f e r e n c e  [ 2 - 4 5 ]  ) .  A 
co m p a r iso n  o f  F i g s .  5 -1  and 5 -2  w i t h  F i g .  1 o f  r e f e r e n c e  [ 2 - 4 5 ]  e x c e p t  
f o r  t h e  b e t t e r  r e s o l u t i o n  i n  t h e  p r e s e n t  w ork , a l l  a b s o r p t i o n  p e a k s ,  
t h e i r  r e l a t i v e  i n t e n s i t i e s  and t h e i r  a b s o r p t i o n  p r o f i l e s  show s t r i k i n g  
s i m i l a r i t y .  I n  a d d i t i o n ,  how ever ,  s e v e r a l  more a b s o r p t i o n  p e a k s  ( D^,
r /s i r  <s i
D^, F ,  Lg, D^, F ) w i t h  e n e r g i e s  above 30000 cm a re  o b s e rv e d  
i n  th e  p r e s e n t  w ork . Those have  n o t  been  r e p o r t e d  i n  t h e  l i t e r a t u r e  
h i t h e r t o .  The SLT a s s ig n m e n ts  w ere  made by a c o m p a r iso n  w i t h  t h e
f r e e  io n  e n e rg y  l e v e l s  [ 1 - 1 ] .  A c o m p a r iso n  be tw een  t h e  c a l c u l a t e d  f r e e
3+
io n  e n e rg y  l e v e l s  and th e  o b s e rv e d  mean e n e rg y  l e v e l ,  i n  C aF^H o i s
g iv e n  i n  F i g .  6 - 1 .  The maximum d e v i a t i o n  was f-o..und to  be 278 cm"1 .
Thus i t  c an  be s e e n  from  t h e  f i g u r e  t h a t  m ost o f  t h e  o b s e rv e d  e n e rg y
l e v e l s  a r e  i n  r e a s o n a b le  ag reem en t  w i t h  t h e  c a l c u l a t e d  o n e s .
3~b 4
The g round  s t a t e  o f  Ho i s  a I 0 s t a t e .  I t  i s  n o t e do
t h a t  a l l  t h e  o b s e rv e d  l e v e l s  obey  t h e  s e l e c t i o n  r u l e s  AJ^6 and AL^6, 
w h i l e  t h e  s e l e c t i o n  r u l e  on S b r e a k s  down p resu m a b ly  due to  t h e  s p i n -







(a ) CALCULATED ENERGY LEVELS OF FREE H£
(b ) OBSERVED ENERGY LEVELS OF C a F ^ H "
34-F i g  . 6 - 1 .  C o m p a r i s o n  b e t w e e n  c a l c u l a t e d  e n e r g y  l e v e l s  o f  f r e e  Ho and o b s e r v e d  e n e r g y  
l e v e l s  o f  CaF :Ho^
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o r b i t  i n t e r a c t i o n .  T h is  i n d i c a t e s  t h a t  t h e  o b s e rv e d  t r a n s i t i o n s  a re
o f  p r e d o m in a n t ly  e l e c t r i c a l  d i p o l e  c h a r a c t e r .  I t  i s  a l s o  n o t e d ,  from
F i g .  5-1  and F i g .  5 - 2 ,  t h a t  among a l l  t h e  a b s o r p t i o n  p e a k s ,  t h e  g r e e n
( 5S 2 and ^F^) a b s o r p t i o n  peak  i s  t h e  m ost i n t e n s e  o n e ;  c o n s e q u e n t ly
so i s  i t s  o s c i l l a t o r  s t r e n g t h .  T h i s ,  no d o u b t ,  can  be c o n s id e r e d  to
be one o f  t h e  r e a s o n s  f o r  t h e  'g r e e n  lu m in e sc e n c e  e x c i t a t i o n  t e c h n i q u e 1
to  be so s u c c e s s f u l  f o r  t h e  p r e s e n t  s y s te m .
(b )  CaF2 :Sm - - I t  h a s  been  r e p o r t e d  i n  s e v e r a l  p r e v i o u s
c a s e s  [ 2 - 5 4 ,  2 -5 6 ,  6 -4  and 6 - 5 ]  t h a t ,  i n  t h e  samarium  doped c r y s t a l s
o f  CaF2 , o f t e n  b o th  t h e  t r i v a l e n t  and d i v a l e n t  samarium  i o n s  a re  p r e s e n t
3"b 2"bi n  t h e  same c r y s t a l .  The p r o p o r t i o n  o f  t h e  amounts o f  Sm and Sm 
i n  t h e  c r y s t a l  v a r i e s  d e p e n d in g  on t h e  g row ing  c o n d i t i o n s .  B ecause  o f  
t h e  p r e s e n c e  o f  t h e s e  two t y p e s  o f  Sam ariam  i o n s  i n  t h e  same c r y s t a l ,  
a b s o r p t io n  s p e c t r a  from  t h e s e  c r y s t a l s  u s u a l l y  show a m ix tu r e  o f  t h e  
two t y p e s  o f  a b s o r p t i o n s ,  c o m p l i c a t in g  t h e  a n a l y s i s  o f  t h e  s p e c t r a  
( s e e  f i g .  1 o f  r e f e r e n c e  6 - 4 ) .
3+
As e x p e c t e d ,  we a l s o  o b s e rv e d  t h i s  m ixed s p e c t r a  o f  Sm
2+
and Sm i n  o u r  a b s o r p t i o n  m e a su re m e n ts .  F i g .  5 -3  and F i g .  5 -4  i s  an 
a b s o r p t i o n  s p e c t ru m  o f  Samarium doped CaF^ c r y s t a l  s u p p l i e d  by Harshaw 
C hem ical Co. Three s t r o n g  a b s o r p t i o n  bands  a t  abou t  3200&, 4200& and 
6300& w ere  o b s e rv e d  (w h ich  a r e  n o t  c o m p le te ly  shown i n  t h e  f i g u r e  s in c e  
t h e i r  i n t e n s i t i e s  a r e  o f f  s c a l e ) .  Those t h r e e  bands  have  been  i d e n t i ­
f i e d  as due to  t h e  d i v a l e n t  Samarium [ 2 - 5 6 ] .  O th e r  t h a n  t h o s e ,  s e v e r a l  
r e l a t i v e l y  w eak e r  a b s o r p t i o n  p e a k s ,  a p p ro x im a te ly  a t  4990 , 5080 , 5270, 537C 
and 5670&, w hich  a r e  b e l i e v e d  to  be due to  t h e  4 f - 5 d  t r a n s i t i o n s  i n
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2+
Sm , w ere  a l s o  o b s e rv e d  as shown i n  F i g .  5 - 3 .  The o t h e r  a b s o r p t io n
p e a k s  w hich  have  been  i d e n t i f i e d  t e n t a t i v e l y  a re  b e l i e v e d  to  be due to
3+
Sm a b s o r p t i o n s .  A d i s t i n c t i o n  be tw een  t h e s e  two t y p e s  o f  a b s o r p t i o n s
2+
can  be se en  from  t h e  f i g u r e ,  i . e .  a b s o r p t i o n  peaks  a r i s i n g  from  Sm
3+
have  th e  n a t u r e  o f  b r o a d  b a n d ,  w h i l e  t h e  Sm a b s o r p t i o n  p e a k s  a re  
e a s y  to  be n o t e d  by t h e i r  s h a r p n e s s  and f i n e - s t r u c t u r e  c h a r a c t e r .
3~FA c o m p a r iso n  be tw een  t h e  c a l c u l a t e d  e n e rg y  l e v e l s  o f  Sm (aq )
3+
and th e  o b s e rv e d  e n e rg y  l e v e l s  o f  C aF ^S m  i s  g iv e n  i n  F i g .  6 - 2 .  The
■  1
maximum d e v i a t i o n  h e r e  was found  to  be 297 cm . The g ro u n d  s t a t e  o f
3_j_ ^  3+
Sm i s  a ^ 5 / 2  s t a t e .  As i n  th e  c a s e  o f  Ho ,  th e  s e l e c t i o n  r u l e s  
AJ<s6, AL<;6 a l s o  seems to  h o ld  i n  th e  p r e s e n t  c a s e .  Once a g a in  t h i s  
i n d i c a t e s  t h a t  t h e  o b s e rv e d  s p e c t r a  a r e  o f  p r e d o m in a n t ly  e l e c t r i c a l  
d i p o l e  c h a r a c t e r .
6 -4  D i s c u s s io n  o f  E x c i t a t i o n  S p e c t r a
3 +
( a) As r e c e i v e d  CaF^sHo --Upon com paring  F i g s .  5 -9  to  
5 -13  w i th  F i g s .  5 -1  and 5 - 2 ,  one can  c l e a r l y  se e  t h e  s i m i l a r i t y  be tw een  
th e  e x c i t a t i o n  and a b s o r p t i o n  s p e c t r a  w i th  r e s p e c t  to  t h e  g e n e r a l  
p r o f i l e  and r e l a t i v e  i n t e n s i t y  o f  e ach  p e a k .  T h is  p o i n t s  to  t h e  f a c t  
t h a t  th e  o b s e rv e d  e x c i t a t i o n  s p e c t r a  a re  in d e e d  o f  s i m i l a r  o r i g i n .  The 
e x c i t a t i o n  p r o c e s s ,  we b e l i e v e ,  t a k e s  p l a c e  i n  a m anner p r e s e n t e d  i n
Fig. 2-3. When the crystal was cooled down to 77°K, certain 'fine 
s t r u c t u r e '  a p p e a re d  on e a c h  peak  o f  t h e  e x c i t a t i o n  s p e c t r a  as  g iv e n  
i n  F i g s .  5 -1 4  to  5 - 1 8 .  These ' f i n e '  s t r u c t u r e s  a re  b e l i e v e d  to  a r i s e  
from  S t a r k  Components o f  t h e  c r y s t a l  f i e l d  s p l i t  s t a t e s  o f  t h e  f r e e  Ho 
i o n s .  The f a c t  t h a t  t h e  ' f i n e '  s t r u c t u r e s  d i d  n o t  a p p e a r  i n  t h e  s p e c t r a





( a )  CALCULATED ENERGY LEVELS OF Sm3 + (aq .)
( b )  OBSERVED ENERGY LEVELS OF CaF2 :Sm3+
3+
Fig. 6-2. Comparison between c a lc u la te d  energy leve ls  of Sm in  
aqueous so lu t io n s  and observed energy leve ls  of CaF^Sm
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t a k e n  a t  300°K, i s  m a in ly  due to  th e r m a l  v i b r a t i o n  o f  t h e  l a t t i c e  as 
d i s c u s s e d  i n  S e c t i o n s  2-3  and 4 - 3 .  Because  o f  t h e  i n s t r u m e n t a l  l i m i t a t i o n ,  
i t  seems v e r y  l i k e l y  t h a t  some o f  t h e  peaks  a r e  n o t  w e l l  r e s o l v e d .  
C o n s e q u e n t ly  t h e  number o f  o b s e rv e d  l i n e s  i n  some c a s e s  a re  l e s s  th a n  
what i s  p r e d i c t e d  t h e o r e t i c a l l y .  I n  a c o m p a r is o n ,  how ever ,  o f  F i g s .
5 -1 4  to  5 -18  w i t h  F i g s .  5 -1  and 5 - 2 ,  one can  e a s i l y  r e c o g n iz e  t h a t  th e  
r e s o l u t i o n  a c h ie v e d  i n  t h e  e x c i t a t i o n  s p e c t r a  i s  s t i l l  f a r  b e t t e r  th a n  
t h a t  i n  t h e  o r d i n a r y  a b s o r p t i o n  s p e c t r a .  The o b s e rv e d  maximum s p l i t t i n g  
o f  t h e  f r e e  io n  s t a t e s  was found  to  be ab o u t  600 cm T h is  i n d i c a t e s
t h a t  t h e  s t r e n g t h  o f  t h e  c r y s t a l  f i e l d  i s  r e l a t i v e l y  l a r g e .
Em ploying t h e  same p r o c e d u r e s ,  a s e r i e s  o f  e x p e r im e n t s  were 
p e rfo rm e d  u s in g  a 'H arsh aw  ran d o m -cu t  c r y s t a l ' .  E s s e n t i a l l y  t h e  same 
r e s u l t s  w ere  o b t a i n e d  as g iv e n  i n  F i g s .  5 -19  to  5 -2 5 .  T h is  s u g g e s t s  
t h a t  t h e  e x c i t a t i o n  s p e c t r a  a re  in d e p e n d e n t  o f  t h e  c r y s t a l  o r i e n t a t i o n .
3+
A co m p ar iso n  be tw een  t h e  o b s e rv e d  mean e n e rg y  l e v e l s  o f  CaF^:Ho and
3+
th e  c a l c u l a t e d  e n e rg y  l e v e l s  o f  f r e e  Ho i s  g iv e n  i n  F i g .  6 - 3 .  The 
maximum d e v i a t i o n  be tw een  t h e  o b s e rv e d  and c a l c u l a t e d  e n e rg y  l e v e l s  i s  
257 cm . T h is  d i s c r e p a n c y  m ig h t  be c a u s e d  by two m ain  f a c t o r s :  ( l )  t h e  
a p p ro x im a t io n  o f  e q u a l  w e ig h t  f o r  e a ch  l e v e l  i n  t h e  e v a l u a t i o n  o f  th e  
o b s e rv e d  mean e n e r g i e s ;  ( 2 ) t h e  o m is s io n  o f  th e  c o n f i g u r a t i o n  i n t e r ­
a c t i o n  i n  t h e  c a l c u l a t i o n  o f  t h e  f r e e  io n  e n e rg y  l e v e l s .  I t  h a s  been  
p o i n t e d  o u t  i n  p r e v i o u s  work [ 3 - 1 0 ]  t h a t  th e  i n a c c u r a c y  c a u se d  by n e g l e c t i n  
t h e  c o n f i g u r a t i o n  i n t e r a c t i o n ,  i n  some c a s e s ,  c a n  be as h ig h  as s e v e r a l  
h u n d red  wave num bers .  Once a g a in ,  a l l  t h e  o b s e rv e d  t r a n s i t i o n s  a re  
fou n d  to  obey th e  s e l e c t i o n  r u l e  AJ <fy. T h is  i n d i c a t e s  t h a t  J  i s  s t i l l





l a )  CALCULATED ENERGY LEVELS OF FREE Ho3+
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(b )  OBSERVED EXCITATION ENERGY LEVELS OF CaF2 :Ho5+
Fig. 6-4. Comparison between the c a lc u la te d  energy leve ls  of f ree
Ho^ and the observed e x c i ta t io n  energy leve ls  of CaF :Ho
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a good quantum num ber. I t  i s  a l s o  i n  ag reem en t  w i th  p r e v i o u s  r e p o r t s
[ 3 -1 0 ,  4 - 4  t o  4 - 7 ]  t h a t  t h e  o b s e rv e d  t r a n s i t i o n s  a r e  o f  p r e d o m in a n t ly
5 3+e l e c t r i c a l  d i p o l e  c h a r a c t e r .  The g ro u n d  s t a t e  I Q o f  Ho i n  a c u b icO
c r y s t a l  f i e l d  w i l l  s p l i t  i n t o  seven  S t a r k  com ponents  ( s e e  T a b le  4 - 1 ) .
I t  h a s  been  s u g g e s t e d  i n  some p r e v i o u s  i n v e s t i g a t i o n s  [ 2 - 3 6 ]  t h a t ,
2
among t h e s e  seven  co m p o n en ts ,  t h e  lo w e s t  s t a t e  i s  a n o n - s p l i t  p^ s t a t e .
From L a s e r  a c t i o n  m ea su re m e n ts ,  t h e  o b s e rv e d  f i r s t  e x c i t e d
2+ -1  
s t a t e  o f  Dy was found  to  be 90 cm above t h e  g ro u n d  s t a t e  [ 2 - 3 6 ] .
2+ 3+ 5
Dy i s  i s o e l e c t r o n i c  w i th  Ho and h a s  t h e  same g ro u n d  s t a t e  I  . I t
8
seems th e n  n o t  u n r e a s o n a b le  to  assume t h a t  t h e  f i r s t  e x c i t e d  s t a t e  o f
3i” — 1Ho i s  a l s o  ab o u t  90 cm above g ro u n d  s t a t e .  I f  one i s  to  t a k e  t h e
3+ -1f i r s t  e x c i t e d  s t a t e  o f  Ho as 90 cm above i t s  lo w e s t  s t a t e ,  t h e n  a t  
LNT any l e v e l  above t h i s  w ould  have  v e ry  l i t t l e  p o p u l a t i o n  ( s e e  T ab le  
2 -4 )  and w i l l  c o n t r i b u t e  e s s e n t i a l l y  n o th in g  to  th e  a b s o r p t i o n .
Tak ing  t h e  above c o n s i d e r a t i o n s  i n t o  a c c o u n t ,  an a t t e m p t  
was made to  c o n s t r u c t  an e n e rg y  l e v e l s  scheme f o r  e a ch  o f  th e  o b s e rv e d
3+
e x c i t e d  s t a t e s  o f  Ho i n  a c u b ic  f i e l d  by assum ing t h e  f o l l o w i n g :
3 2(1 )  The two lo w e s t  s t a t e s  p^ and p o f  
Ho 3+ a re  s e p a r a t e d  by 90 cm "l ana a t  
LNT, o n ly  t h e s e  two l e v e l s  a r e  s i g n i ­
f i c a n t l y  p o p u l a t e d .
(2 )  None o f  t h e  o b s e rv e d  l i n e s  i s  v i b r o n i c  
i n  o r i g i n .
(3 )  The symmetry o f  t h e  c r y s t a l  f i e l d  s u r ­
ro u n d in g  t h e  Ho^" i s  o f  p r e d o m in a te ly  
c u b ic  c h a r a c t e r .
The p r o c e d u r e  f o r  o b t a i n i n g  t h e  s e m i - e m p i r i c a l  e n e rg y
l e v e l s  scheme i s  as  f o l l o w s :
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(1 )  From T a b le  4 - 1 0 ,  t h e  I r r e d u c i b l e  
R e p r e s e n t a t i o n s  o f  t h e  S t a r k +Components 
o f  e ach  e x c i t e d  s t a t e  o f  Ho were 
o b t a i n e d .
(2 )  From T ab le  4 - 7 ,  a l l  t h e  a l lo w e d  e l e c t r i c a l  
d i p o l e  t r a n s i t i o n s  be tw een  l e v e l s  u n d e r  
c o n s i d e r a t i o n  w ere  d e te r m in e d .
(3 )  By f i t t i n g  t h e  o b s e rv e d  s p e c t r a l  l i n e s  
p r o p e r l y  w i th  t h e  p r e d i c t e d  t r a n s i t i o n s ,  
e n e rg y  g a p s  be tw een  l e v e l s  w ere  o b t a i n e d .
The s e m i - e m p i r i c a l  e n e rg y  l e v e l s  schemes o f  th e  e x c i t e d
3 +
s t a t e s  o f  Ho i n  a c u b ic  f i e l d  so c o n s t r u c t e d  a re  g iv e n  i n  F i g s .  6 -4  
to  6 - 8 .  In  t h e s e  f i g u r e s ,  t r a n s i t i o n s  r e p r e s e n t e d  by s o l i d  l i n e s  a r e  
t h e  o b s e rv e d  o n e s .  B roken l i n e s  a r e  u s e d  f o r  th o s e  a l lo w e d  t r a n s i t i o n s  
w hich  w ere  n o t  o b s e rv e d  i n  t h e  p r e s e n t  w ork . E nergy  l e v e l s  i n d i c a t e d  
by h o r i z o n t a l  l i n e s  a r e  shown f o r  t h e  sak e  o f  c o m p le te n e s s  b u t  no 
s i g n i f i c a n c e  s h o u ld  be a t t a c h e d  to  t h e i r  r e l a t i v e  e n e rg y  p o s i t i o n s .
The maximum d e v i a t i o n  be tw een  t h e  e n e r g i e s  o b t a i n e d  from t h i s  sem i-  
e m p i r i c a l  e n e rg y  l e v e l  f i t t i n g  and t h e  c o r r e s p o n d in g  o b s e rv e d  o n e s  i s  
23 cm T h is  d e g re e  o f  ag reem en t  i s  s u r p r i s i n g ,  rem em bering th e  many
a s su m p t io n s  made above . One m ig h t  t a k e  t h i s  as  a good i n d i c a t i o n  t h a t
3 +
t h e  c r y s t a l  f i e l d  s u r r o u n d in g  t h e  Ho io n  i n  t h e  ' a s  r e c e i v e d 1 c r y s t a l s  
i s  in d e e d  p r e d o m in a n t ly  o f  c u b ic  n a t u r e .
I n  v iew  o f  F i g s .  6 -4  to  6 - 8 ,  i t  i s  n o t e d  t h a t  n e a r l y  a l l
the allowed transitions which were not observed (broken lines) have 
some common f e a t u r e s :  ( l )  a l l  o r i g i n a t e  from  a l e s s  p o p u l a t e d  i n i t i a l
s t a t e ,  nam ely  i (2 )  e n e rg y  d i f f e r e n c e s  w i t h  th e  o b s e rv e d  l i n e s  a re
a l l  i n  t h e  o r d e r  o f  10 cm  ̂ r a n g e .  S in c e  t h e  i n i t i a l  s t a t e  i s  l e s s  
p o p u l a t e d ,  t r a n s i t i o n s  from them even  i f  o b s e r v e d ,  m ust  be w eake r  i n































Fig. 6-4. Suggested semi-empirical energy levels scheme of the 
cubic crystal field
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5 5 3+6. S ugges ted  se m i-e m p ir ic a l  energy  l e v e l s  scheme o f  th e  G and G s t a t e s  o f  Ho in  a cu b ic  c r y s t a l
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i n t e n s i t y .  F u r t h e r ,  m ost o f  t h e s e  t r a n s i t i o n s  a re  v e ry  c l o s e ,  i n  e n e r g y ,  
to  th e  o b s e rv e d  o n e s ,  t h e r e f o r e ,  h ig h  r e s o l u t i o n  w ould  be n e c e s s a r y  i n  
o r d e r  to  o b s e rv e  t h o s e  ' a b s e n t '  l i n e s .  I n  v iew  o f  t h e  above two p o i n t s
i t  seems l o g i c a l  t h a t  t h e s e  l i n e s  w ere n o t  o b s e rv e d  i n  o u r  e x p e r im e n t s .
3 +
(b )  H eat t r e a t e d  CaF^iHo - -A  co m p a r iso n  be tw een  F i g s .  5 -1 4
to  5 -18  w i th  F i g s .  5 -26  t o  5 -30  shows t h a t ,  a f t e r  h e a t  t r e a tm e n t  o f  th e
c r y s t a l  to  850°C, m ost com ponents  a p p e a r in g  i n  F i g s .  5 -1 4  to  5-18 weaken
w h i le  new com ponents  ( s u c h  as t h o s e  l a b e l l e d  by a , b ,  c . . .  i n  F i g s .
5 -26  to  5 -30 )  a p p e a r .  Upon f u r t h e r  h e a t  t r e a t m e n t  o f  t h e  c r y s t a l  to
950°C, s i m i l a r  t r e n d  c o n t i n u e s  and becomes more p ronounced  as shown
i n  F i g s .  5 -31  to  5 - 3 5 .  Upon h e a t  t r e a t m e n t  o f  t h e  c r y s t a l  to  1050°C
an a lm o s t  t o t a l  d i s a p p e a r a n c e  o f  b o th  o r i g i n a l  and new com ponents  was
o b s e rv e d  ( s e e  F i g s .  5 -3 6  to  5 r 4 0 ^ . An e x c e p t io n  to  t h i s  i s  shown i n
F i g s .  5 -36  w here some com ponents  i n d i c a t e d  by A and B a re  s e en  w hich
te n d  to  i n c r e a s e  even  a f t e r  h e a t  t r e a t m e n t  t o  1050°C. I d e n t i c a l
e x p e r im e n t s  w ere  c a r r i e d  o u t  u s in g  b o th  Harshaw and O ptovac c r y s t a l s .
E s s e n t i a l l y  t h e  same b e h a v io u r  i s  o b s e rv e d  i n  b o th  c r y s t a l s .
As d i s c u s s e d  i n  s e c t i o n  6 - 2 ,  o u r  i n t e r p r e t a t i o n  f o r  t h e
p r e s e n t  r e s u l t s  i s  as  f o l l o w s .  I n  t h e  as  r e c e i v e d  c r y s t a l  t h e  f i e l d
3+
s u r r o u n d in g  t h e  Ho io n s  i s  o f  p r e d o m in a te ly  c u b ic  symmetry ( s e e  
p r e c e e d in g  s e c t i o n ) .  At th e  f i r s t  s t a g e  o f  h e a t  t r e a t m e n t ,  i . e .  to  850°G, 
th e  p r e v io u s  symmetry o f  t h e  c r y s t a l  f i e l d  s u r r o u n d in g  t h e  Ho i s  
d e s t r o y e d  due to  th e  e l e c t r i c a l  d i p o l e  o f  OH r e s u l t i n g  i n  a C 
symm etry. The d e v i a t i o n  from t h e  o r i g i n a l  symmetry r e s u l t s  i n  th e  
d e c r e a s e  o f  th e  o r i g i n a l  l i n e s  and a t  th e  same t im e  t h e  i n c r e a s e  o f
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new l i n e s  ( s u c h  as a ,  b ,  c . . .  i n  t h e  f i g u r e s ) ,  t h e  l a t t e r  ones  
p resu m ab ly  b e in g  c h a r a c t e r i s t i c  o f  t h e  C sym m etry . Heat t r e a t m e n t  
o f  th e  c r y s t a l  to  950°C, e n h a n c e s  t h e  same p r o c e s s .  At t h e  f i n a l  s t a g e
o f  h e a t  t r e a t m e n t ,  i . e .  by h e a t i n g  to  1050°C, th e  c h a rg e  c o m p e n sa t io n
3+ -  2
o f  Ho i s  a c h ie v e d  by an 0 a t  th e  F s i t e  r e s u l t i n g  i n  a d i f f e r e n t
ty p e  o f  symm etry. I n  t h i s  t h i r d  s t a g e ,  we b e l i e v e ,  t h a t  t h e
g r e e n  lu m in e sc e n c e  e x c i t a t i o n  v i a  an e x c i t a t i o n  i n t o  m ost o f  th e  h i g h e r
3"bl y in g  e x c i t e d  s t a t e s  o f  Ho i s  n o t  p o s s i b l e .  I n  o t h e r  w o rd s ,  t h e  decay
5 5from m ost o f  t h o s e  s t a t e s  i n t o  t h e  and s t a t e s  becomes im p r o b a b le .  
A no the r  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  f a c t  o f  t h e  a lm o s t  t o t a l  d i s a p p e a r ­
ance o f  b o th  o r i g i n a l  and new l i n e s  may be a t t r i b u t e d  to  s e l f - a b s o r p t i o n  
o f  th e  g r e e n  e m is s io n  by c o l o r  c e n t r e s  c r e a t e d  d u r in g  th e  f i n a l  s t a g e
o f  h e a t  t r e a tm e n t  [ 6 - 1 ] .  I n  v iew  o f  t h e  r e l a t i v e  p o p u l a t i o n s ,  how ever ,
3+
betw een  t h e  p o s s i b l y  c r e a t e d  c o l o r - c e n t r e s  and th e  Ho io n s  i n  th e  
c r y s t a l  t h i s  _ i s  n o t  l i k e l y  to  be th e  c a s e ,  s i n c e  t h e  Ho io n  
c o n c e n t r a t i o n  i s  so much h i g h e r  t h a n  th e  p o s s i b l y  c r e a t e d  c o l o r  c e n t r e s .
I n  t h e  d i s c u s s i o n  g iv e n  i n  p a r t  ( a )  o f  t h i s  s e c t i o n ,  i t  was
+3
a l r e a d y  p o i n t e d  o u t  t h a t  t h e  i n i t i a l  symmetry s u r r o u n d in g  t h e  Ho i n  
t h e  as r e c e i v e d  c r y s t a l  i s  o f  p r e d o m in a t e ly  c u b ic  n a t u r e .  F u r t h e r ,  i f  
t h e  c r y s t a l  ' s t a r t e d '  w i t h  some o t h e r  sy m m e try ,e g .  th e n  a f t e r  th e
f i r s t  s t a g e  o f  h e a t  t r e a t m e n t  w hich  r e s u l t s  i n  a d i f f e r e n t  c ^v * symmetry, 
th e  change  i n  t h e  number o f  com ponents  would  n o t  be so d r a s t i c  as 
p r e s e n t e d  i n  t h e  f i g u r e s ,  and t h e  e x p e c t e d  com ponents  would  be much 
less  th a n  what h a s  been  a c t u a l l y  o b s e r v e d .
I n  summing up t h e  p o i n t s  d i s c u s s e d  i n  t h i s  s e c t i o n  and th e
ev id e n c e  f u r n i s h e d  by t h e  e m i s s io n  and therm o lu m in e s c e n c e  s p e c t r a  (w h ich
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w i l l  be  d i s c u s s e d  i n  l a t e r  s e c t i o n s )  i t  i s  s u g g e s t e d  t h a t  t h e  f i e l d
34-
s u r r o u n d in g  t h e  Ho i n  t h e  as r e c e i v e d  c r y s t a l  m ust be o f  c u b ic  
symm etry. T h e r e f o r e  o u r  c o n c lu s i o n  i s  t h a t  t h e  p ro p o se d  f i r s t  model 
g iv e n  i n  s e c t i o n  6 -2  i s  t h e  m ost a c c e p t a b l e  o n e .
S in c e  d e t a i l e d  i n f o r m a t io n  r e g a r d in g  t h e  g ro u n d  s t a t e  o f
34- ,
Ho i n  a C f i e l d  i s  n o t  a v a i l a b l e ,  q u a n t i t a t i v e  d i s c u s s i o n  ( s u c h
as th e  one p r e s e n t e d  i n  p a r t  ( a )  o f  t h i s  s e c t i o n )  i s  p r e s e n t l y  n o t
p o s s i b l e .  F u r th e r m o r e ,  r e c e n t  t h e o r e t i c a l  and e x p e r im e n ta l  work [ 6 - 7 ]
h a s  p ro v e d  t h a t  t h e  i n t e r a c t i o n  o f  r a r e - e a r t h  io n s  w i t h  t h e i r  c r y s t a l l i n e
e n v iro n m e n ts  c o u ld  n o t  be t r e a t e d  from a s t r i c t l y  f i x e d - i o n  p o i n t  o f
v ie w .  T h is  means t h a t  t h e  a c t u a l  c h a rg e  d i s t r i b u t i o n  o f  t h e  s u r r o u n d in g
io n s  and p o l a r i z a t i o n  e f f e c t s  i n  t h e  l i g a n d s  have  to  be t a k e n  i n t o
a c c o u n t .  T h is  i s  t h e  r e a s o n  th e n  t h a t  i n  t h e  p r e s e n t  s e c t i o n  we l i m i t
o u r s e l v e s  to  a q u a l i t a t i v e  d i s c u s s i o n  o f  t h e  r e s u l t s  o n l y .
. 34-
( c )  As r e c e i v e d  C aF^Sm  — R e s u l t s  o b t a i n e d  from th e  as 
34-
r e c e i v e d  C aF^Sm  c r y s t a l  a r e ,  i n  g e n e r a l ,  i n f e r i o r  to  t h e  c o r r e s p o n d in g
34-
r e s u l t s  o b t a i n e d  from  CaF^.'Ho as shown i n  F i g s .  5 -41  to  5 - 4 6 .  The
34-
i n t e n s i t i e s  o f  th e  o b s e rv e d  s p e c t r a  o f  CaF^:Sm a re  c o n s i d e r a b l y  w eaker  
t h e r e f o r e ,  to  a c h ie v e  a good r e s o l u t i o n  i s  v e ry  d i f f i c u l t .  B ecause  o f
t h i s ,  m ost o f  th e  ’ f i n e  s t r u c t u r e s 1 a re  n o t  w e l l  r e s o l v e d .  To make a
m e a n in g fu l  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  r e s u l t s ,  i n  t h i s  c a s e ,  i s
o b v io u s ly  i m p r a c t i c a l .  However, i n  a co m p a r iso n  be tw een  F i g s .  5 -4 4  to
5-46  and F i g s .  5 -3  to  5 - 4  i t  i s  s e en  t h a t  m ost o f  p e a k s  a r e  c o n s i s t e n t  
w i t h  r e s p e c t  to  t h e i r  g e n e r a l  p r o f i l e s .  T h is  i n d i c a t e s  t h a t  t h e  e x c i t a t i o n  
s p e c t r a  a re  in d e e d  o f  s i m i l a r  o r i g i n  as t h e  a b s o r p t i o n .  The i n c o n s i s t e n c
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betw een  t h e  i n t e n s i t i e s  o f  some p e a k s  a re  b e l i e v e d  to  be due to  t h e
2"bp r e s e n c e  o f  s e v e r a l  v e r y  s t r o n g  a b s o r p t i o n  bands  a r i s i n g  from Sm 
[ 2 -5 4 ,  2 -5 6 ,  6 -4  and 6 - 5 ]  (w h ich  a re  n o t  c o m p le te ly  shown i n  th e  
f i g u r e s ) . The SLJ a s s ig n m e n ts  g iv e n  i n  t h e  f i g u r e s  a re  u s e d  f o r  
r e a s o n s  o f  c o n v e n ie n c e  o n ly  and no s i g n i f i c a n c e  s h o u ld  be a t t a c h e d  
to  t h e s e  a s s ig n m e n t s .  Comparing F i g s .  5 -41  to  5-43  w i t h  F i g s .  5 -4 4  to
5 - 4 6 ,  t h e  t e m p e r a tu r e  e f f e c t  upon th e  s p e c t r a l  l i n e s  can  e a s i l y  be
s e e n .
3-f- 3-[-
(d )  H eat t r e a t e d  C aF^Sm  — As i n  t h e  c a s e  o f  CaF^.'Ho ,
a f t e r  t h e  f i r s t  s t a g e  o f  h e a t  t r e a t m e n t  m ost o f  t h e  o r i g i n a l  l i n e s
weaken w h i l e  new l i n e s  a p p e a r  ( s e e  F i g s .  5 -47  to  5 - 5 1 ) .  Upon f u r t h e r  
h e a t  t r e a t m e n t  o f  t h e  c r y s t a l  to  1050°C, an a lm o s t  t o t a l  d i s a p p e a r a n c e  
o f  b o th  o r i g i n a l  and new l i n e s  was a l s o  o b s e rv e d  ( F i g s .  5 -52  to  5 - 5 4 ) .
The g e n e r a l  b e h a v io u r  i s  e s s e n t i a l l y  th e  same as t h a t  i n  t h e  c a s e  o f
3+
CaF^JHo c r y s t a l ,  e x c e p t  i n  t h i s  c a s e  t h e  o v e r a l l  i n t e n s i t y  becomes
much s t r o n g e r  a f t e r  t h e  f i r s t  s t a g e  o f  h e a t  t r e a t m e n t .  I t  was shown
2~h 3+
t h a t  Sm i n  CaF^ can  be c o n v e r t e d  i n t o  Sm by means o f  h e a t  t r e a t m e n t
2+
[ 6 - 5 ] .  I n  t h e  as  r e c e i v e d  c r y s t a l ,  Sm does e x i s t  as s e en  from F i g .
5 - 3 .  T h e r e f o r e  i t  i s  r e a s o n a b le  to  s u g g e s t  t h a t ,  a f t e r  h e a t  t r e a t m e n t ,
3+
th e  c o n c e n t r a t i o n  o f  Sm i n  t h e  c r y s t a l  i n c r e a s e s  hen ce  th e  enhancem ent 
o f  th e  o v e r a l l  i n t e n s i t y .  A n o th e r  f e a t u r e  o f  t h e  s p e c t r a  shown i n  F i g s .
5-47  to  5 -51  i s  t h a t  t h e  new com ponents  s p r e a d  i n  a lm o s t  t h e  w hole
3+
s p e c t r a l  r e g i o n ,  w h i l e  i n  t h e  c a s e  o f  CaF^iHo , m ost o f  t h e  new
com ponents  a p p e a r  a t  t h e  v i c i n i t y  o f  t h e  o r i g i n a l  o n e s .  From th e
3+
e n e rg y  l e v e l s  scheme o f  f r e e  Sm as p r e s e n t e d  i n  F i g .  3 - 1 ,  one can
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r e a d i l y  se e  t h a t  m ost o f  t h e  e n e rg y  l e v e l s  a r e  c l o s e l y  s p a c e d .  The 
c r y s t a l  f i e l d  s p l i t t i n g  o f  t h e s e  l e v e l s  may b r i n g  one g ro u p  o f  
com ponents  i n t o  t h e  o t h e r .  T h is  i s  so s i n c e  s p i n - o r b i t  i n t e r a c t i o n  i s  
co m p arab le  to  t h e  c r y s t a l  f i e l d  s p l i t t i n g .  B ecause  o f  t h i s ,  t h e  SLJ 
a s s ig n m e n ts  g iv e n  i n  t h e  f i g u r e s  a r e  t e n t a t i v e  o n l y .  F u r t h e r  i n v e s t i ­
g a t i o n s  a r e  n ee d ed  i n  o r d e r  to  make a more r e l i a b l e  i d e n t i f i c a t i o n  o f  
t h e  o b s e rv e d  r e s u l t s .  B ased  on t h i s  t e n t a t i v e  i d e n t i f i c a t i o n *  however*
a co m p a r iso n  be tw een  t h e  o b s e rv e d  mean e n e r g i e s  and th e  c a l c u l a t e d
3"be n e rg y  l e v e l s  o f  Sm i n  aqueous s o l u t i o n  [ 1 - 3 ]  i s  g iv e n  i n  F i g .  6 - 9 .
The maximum d e v i a t i o n  be tw een  t h e  o b s e rv e d  mean e n e rg y  and th e
3"F - 1
c a l c u l a t e d  e n e rg y  l e v e l s  o f  Sm (a q )  was fou n d  to  be 167 cm . Again
t h e  s e l e c t i o n  r u l e s  AJ^6* and AL^6 seem to  be e f f e c t i v e *  w h i l e  th e
s e l e c t i o n  r u l e  £S=0 b r e a k s  down. T h is  i n d i c a t e s  once  a g a in  t h a t  L and
J  may p e rh a p s  be t a k e n  as s t i l l  r e a s o n a b ly  good quantum numbers and
t h e  o b s e rv e d  t r a n s i t i o n s  a r e  t h e n  o f  p re d o m in a te  e l e c t r i c a l  d i p o l e
c h a r a c t e r .
I n  summing up t h e  p o i n t s  d i s c u s s e d  i n  t h i s  s e c t io n *  th e
3+ 3"b
f i n a l  c o n c lu s i o n  i s  t h a t *  i n  b o th  sy s te m s  o f  C aF^H o and C aF^Sm  * 
t h e  m echanism s r e s p o n s i b l e  f o r  t h e  o b s e rv e d  r e s u l t s  a re  o f  s i m i l a r  
n a t u r e .
6-5  D i s c u s s io n  o f  E m is s io n  S p e c t r a
3+
(a )  CaF^iHo - - I n  an a t t e m p t  to  v e r i f y  t h a t  t h e  g re e n
5 5 5e m is s io n  m o n i to re d  i s  in d e e d  t h e  ( S„* F . )  -* I Q t r a n s i t i o n s *  a2 4 o
s e r i e s  o f  e m is s io n  s p e c t r a  c o r r e s p o n d in g  to  e a ch  o f  th e  e x c i t a t i o n  
p e a k s  w ere  t a k e n  p h o t o g r a p h i c a l l y .  R e s u l t s  showed t h a t  a l l  t h e
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( a )  CALCULATED ENERGY LEVELS OF Sm3+(aq.)
( b )  OBSERVED EXCITATION ENERGY LEVELS OF CaFg'Sm3
3+
Fig. 6-9. Comparison between the  c a lc u la te d  energy leve ls  o f  Sm in  aqueous 
so lu t io n  and the observed e x c i ta t io n  energy leve ls  of CaF^tSm^
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e x c i t a t i o n  p e a k s  gave  e s s e n t i a l l y  t h e  same g r e e n  e m is s io n  s p e c t ru m .
One t y p i c a l  exam ple i s  shown i n  F i g .  5 -5 6 .  The a s s ig n m e n ts  w ere  made 
by a c o m p a r iso n  w i t h  t h e  r e s u l t  o b t a i n e d  by V oron 'ko  e t  a l .  [ 2 - 3 8 ]  and
3+
th e  c a l c u l a t e d  f r e e  Ho e n e rg y  l e v e l s  [ 1 - 1 ] ,  F i g .  5 -55  i s  t h e  same 
sp e c t ru m  t a k e n  a t  300°K. One can  r e a d i l y  r e c o g n iz e  t h e  t e m p e r a t u r e  
e f f e c t  ( s e e  s e c t i o n s  2-3  and 4 -3 )  on th e  s p e c t ru m .  I n  a c a r e f u l  
c o m p a r iso n  be tw een  F i g .  5 -55  w i th  t h e  c o r r e s p o n d in g  a b s o r p t i o n  peak  
o f  F i g .  5 - 1 ,  one n o t i c e s  some d i f f e r e n c e  w i th  r e g a r d  to  t h e i r  p r o f i l e s .  
Namely, one  p r o f i l e  lo o k s  l i k e  a 'm i r r o r  im a g e 1 o f  t h e  o t h e r .  T h is  
phenomena i s  b e l i e v e d  to  be due to  two m ain  f a c t o r s :  ( l )  t h e  s e n s i t i v i t y  
o f  th e  p h o to g r a p h ic  f i l m  i n c r e a s e s  w i th  w a v e le n g th  i n  t h a t  r e g i o n ,  an 
e f f e c t  n o t  p r e s e n t  i n  t h e  d o u b le  beam s p e c t r o p h o to m e t e r j  (2 )  i n  th e
e m is s io n  s p e c t r a ,  some o f  t h e  e x c i t a t i o n  i s  t r a n s f e r r e d  n o n - r a d i a t i v e l y
-3  4i n  a t im e  T ^  10 s e c .  from  t h e  F l e v e l  to  t h e  m e t a s t a b l e  l e v e l
5S 2, from  w hich  m ost o f  t h e  g r e e n  lu m in e s c e n c e  t a k e s  p l a c e  [ 2 - 4 4 ] .
A f t e r  h e a t  t r e a t m e n t  o f  t h e  c r y s t a l ,  t h e  g r e e n  lu m in e sc e n c e
s p e c t ru m  shows some change  d ep en d in g  on t h e  e x c i t i n g  e n e rg y ,  i . e . ,
when 4447^ ( c o r r e s p o n d in g  to  t h e  peak  number 13 i n  F i g .  5 -1 4 )  e x c i t i n g
l i g h t  was u s e d ,  th e  g r e e n  lu m in e s c e n c e  sp e c t ru m  i s  e s s e n t i a l l y  t h e  same
as t h a t  o b t a i n e d  from t h e  a s  r e c e i v e d  c r y s t a l ,  e x c e p t  f o r  some m ino r
change  i n  r e l a t i v e  i n t e n s i t y .  However, i f  4537^. ( c o r r e s p o n d in g  to
peak  f  i n  F i g .  5 -26 )  e x c i t i n g  l i g h t  i s  em ployed , some d r a s t i c  change  in
tlje  sp e c t ru m  t a k e s  p l a c e ,  nam ely  some ' o r i g i n a l '  com ponents  a r e  m i s s in g ,
a t  t h e  same t im e  some new o n e s  a p p e a r  as  shown i n  F i g .  5 - 5 8 .  I n  F i g .
5 - 5 8 ,  p eak s  l a b e l l e d  w i th  l e t t e r s  a ,  b ,  . . .  a r e  th e  'n ew ' co m p o n en ts .
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The o t h e r s  l a b e l l e d  by num bers a r e  ' o r i g i n a l '  o n e s .  A p p a r e n t ly ,  as
p o i n t e d  o u t  above , upon h e a t  t r e a t m e n t  o f  t h e  c r y s t a l ,  t h e  o r i g i n a l
3 -f
symmetry o f  t h e  c r y s t a l  f i e l d  s u r r o u n d in g  th e  Ho i s  d e s t r o y e d  and 
a d i f f e r e n t  t y p e  o f  symmetry i s  fo rm e d .  R e s u l t i n g  from  t h i s ,  new 
com ponents  a p p e a r  i n  t h e  s p e c t ru m .  T h is  may be t a k e n  as one more 
s u p p o r t i n g  e v id e n c e  f o r  o u r  c o n c lu s i o n  i n  s e c t i o n  6 - 4 .
An a t t e m p t  was made to  s tu d y  t h e  low l y in g  l e v e l s  (be low
5 3+S2 l e v e l )  o f  CaF2 :Ho by i l l u m i n a t i n g  w i th  s h o r t e r  A.. However, i t
was found  t h a t  t h e  e m is s io n  i n t e n s i t i e s  i n  t h e s e  w a v e le n g th  r e g i o n s  w ere
n o t  s u f f i c i e n t l y  s t r o n g .  As a c o n seq u e n c e  we d id  n o t  p u r s u e  t h i s
b ra n c h  o f  m easurem ent any f u r t h e r .  One o f  t h e  s p e c t r a  t h u s  o b t a i n e d
i s  g iv e n  i n  F i g .  5 -59  and F i g s .  5 -60  how ever .  These f i g u r e s  s h o u ld
be com pared w i t h  t h e  c o r r e s p o n d in g  a b s o r p t i o n  peak  g iv e n  i n  F i g .  5 - 1 .
3"j"
(b )  C aF^Sm  — As i n  t h e  c a s e  o f  t h e  e x c i t a t i o n  s p e c t r a ,
3+
t h e  o v e r a l l  e m is s io n  i n t e n s i t y  from t h e  as r e c e i v e d  C aF ^S m  c r y s t a l
i s  r e l a t i v e l y  w eak . One, exam ple i s  shown i n  F ig  5 - 6 1 .  The t r a n s i t i o n
a s s ig n m e n ts  w ere  made by a c o m p a r iso n  w i th  t h e  c a l c u l a t e d  e n e rg y  l e v e l s  
3"b
o f  Sm i n  aqueous [ 1 - 3 ] .  A f t e r  h e a t  t r e a t m e n t  o f  t h e  c r y s t a l  t h e  
b e h a v io u r  o f  t h e  s p e c t ru m  i s  e s s e n t i a l l y  t h e  same as  t h a t  i n  t h e  c a s e  
o f  e x c i t a t i o n  s p e c t r a ,  n a m e ly ,  t h e  o r i g i n a l  com ponents  w eaken ; m eanw hile  
some new com ponents  a p p e a r ,  as  shown i n  F i g s .  5 -62  and 5 - 6 3 .  In  t h e  f i g u r e  
p e a k s  l a b e l l e d  by num bers a r e  t h e  o r i g i n a l  com ponents  w h e re a s  t h o s e  
l a b e l l e d  by l e t t e r s  a re  t h e  new o n e s .  A s e r i e s  o f  e m is s io n  s p e c t r a  
c o r r e s p o n d in g  to  e a ch  o f  t h e  e x c i t a t i o n  p e a k s  w ere a l s o  t a k e n  p h o to ­
g r a p h i c a l l y .  R e s u l t s  a g a in  showed t h a t  a l l  t h e  e x c i t a t i o n  p e a k s  y i e l d
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e s s e n t i a l l y  t h e  same g r e e n  e m is s io n  s p e c t ru m .  T h is  was c o n f i rm e d  i n  
b o th  t h e  as r e c e i v e d  and h e a t e d  c r y s t a l s .
6 -6  D i s c u s s io n  o f  T herm olum inescence
3 +
( a )  C aF^H o — C om parison  o f  F i g .  5 -66  and F i g .  5 -56  shows
t h a t  t h e  f l u o r e s c e n c e  s p e c t ru m  and t h e  c o r r e s p o n d in g  th e rm o lu m in e sc e n c e
3+
sp e c t ru m  o f  CaF^^Ho a re  e s s e n t i a l l y  i d e n t i c a l .  I t  h a s  been  p o i n t e d  
o u t  by S c h l e s i n g e r  and  W hippey[ 2 - 4 7 ]  t h a t  t h e  sp e c t ru m  p r e s e n t e d  i n  
F i g .  5 -66  o r i g i n a t e d  from  lu m in e s c e n c e  c e n t r e s  c o r r e s p o n d in g  to  th e  
g low peak  a t  333°K, (w h ich  i s  n o t  shown i n  F i g .  5 -6 4 ,  see  F i g .  1 o f
3 - l -
r e f e r e n c e  2 - 4 7 ) .  They s u g g e s t e d  t h a t  th e  symmetry o f  t h e  Ho io n s  
s i t e s  a s s o c i a t e d  w i t h  t h e  333°K peak  was c u b i c .  T h is  i s  e n t i r e l y  
c o n s i s t e n t  w i t h  t h e  c o n c lu s i o n  drawn by u s  i n  t h e  p r e v i o u s  s e c t i o n s .
A f t e r  h e a t  t r e a t m e n t  o f  t h e  c r y s t a l  d r a s t i c  change  o f  t h e  p r o f i l e  o f
t h e  g e n e r a l  g low  c u rv e  to o k  p l a c e  as shown i n  F i g .  5 -6 4  and F i g .  5 -6 5 .
3 +
T h is  may be a t t r i b u t e d  a g a in  t o  t h e  change  o f  t h e  symmetry o f  t h e  Ho 
i o n s  s i t e s  a s  a r e s u l t  o f  h e a t  t r e a t m e n t .
3 +
(b )  C aF^Sm  - -B a s e d  on a co m p a r iso n  w i t h  t h e  c a l c u l a t e d
3 +
e n e rg y  l e v e l s  o f  Sm ( aq) [ 1 - 3 ] ,  t h e  o b s e rv e d  s p e c t r a l  l i n e s  i n  th e
th e rm o lu m in e sc e n c e  s p e c t ru m  [ 6 - 8 ]  w ere  a s s i g n e d  to  be due to  t r a n s i t i o n s  
4
from  th e  ^ 5 / 2  t o  bbe t h r e e  lo w e s t  m u l t i p l e t s  o f  th e  s e x t e t  H
s t a t e  i n  a c u b ic  c r y s t a l  f i e l d .  The sp e c t ru m  i s  shown i n  F i g .  5 - 6 9 .  A
s i m i l a r  th e rm o lu m in e s c e n c e  s p e c t ru m  o b t a i n e d  by Merz and P e r s h  an [ 2 - 5 8 ] .
4
They a t t r i b u t e d  t h e  o b s e rv e d  l i n e s  to  t r a n s i t i o n s  from  t h e  ^ ^ j 2  m u l t i p l e t
to  t h e  t h r e e  lo w e s t  m u l t i p l e t s  o f  t h e  s e x t e t  H s t a t e .  A cco rd ing  to  t h e
4
c a l c u l a t e d  e n e rg y  o f  ^ 5 / 2  s t a t e  b o th  by C a m a l l  [ 1 - 3 ]  and Wybourne [ 1 - 2 ]
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4 -1t h e  F ^ £ s t a t e  s h o u ld  have  an a p p ro x im a te  e n e rg y  o f  22000 cm above
£
t h e  g round  s t a t e  ^ 5 / 2 * l n  comP a r i-ng t h i s  c a l c u l a t e d  v a lu e  w i th  t h e  
a s s ig n e d  l i n e s  made by Merz and P e r s h a n  w i t h  r e s p e c t  to  F i g .  3 o f  
r e f e r e n c e  [ 2 - 5 8 ]  a d i s c r e p a n c y  o f  a b o u t  4000 cm * i s  n o t i c e d .
A p p a re n t ly  t h e i r  a s s ig n m e n ts  a r e  t h e n  q u e s t i o n a b l e .
B ased on th e  a s s ig n m e n ts  g iv e n  i n  F i g .  5 - 6 9 ,  t h e  a p p ro x im a te  
mean e n e r g i e s  o f  t h e  t h r e e  lo w e s t  s t a t e s  w ere  e s t i m a t e d  to  be as 
f o l l o w s :
C a l c u l a t e d  
0
1034 cm 1 
2244 cm 1
The o b s e rv e d  l i n e s  a r e  b e l i e v e d  to  be due to  t r a n s i t i o n s  as  shown i n
F i g .  6 -10  i n  w hich  s o l i d  l i n e s  i n d i c a t e  o b s e rv e d  t r a n s i t i o n  d ash ed
l i n e s  i n d i c a t e  u n o b s e rv e d  l i n e s .  The ' e x p e c t e d '  f l u o r e s c e n c e  w hich
was n o t  o b s e r v e d  may be a c c o u n te d  f o r  as  f o l l o w s .  The t r i v a l e n t  r a r e -
e a r t h s  i n  CaF^ h a s  s p i n - l a t t i c e  r e l a x a t i o n  t im e s  a t  t h e  t e m p e r a t u r e s  o f
i n t e r e s t  o f  t h e  o r d e r  o f  m ic ro s e c o n d s  [ 6 - 9 ] .  One m ig h t  t h e r e f o r e
4 4expect fluorescence only from the Tg level of the ^ 5 / 2  state* since
2 4t h e  rW l e v e l  c o u ld  r e l a x  n o n - r a d i a t i v e l y  to  r  . I f  t h i s  was t h e  
7 o
c a s e ,  t h e  d a sh e d  l i n e s  i n  F i g .  6 -10  w ould  n o t  be o b s e rv e d  as in d e e d  
seems to  be t h e  c a s e .  The a s s ig n m e n ts  made v i a  F i g .  6 -1 0 ,  how ever ,
E s t im a te d
6r 5 /2  =  °
6H? /2  ~  1040 cm"1
6H9 /2  -  2270 cm"1



































Fig. 6-10. Allowed dipole  t r a n s i t io n s  between the G , and the 
th ree  lowest m u l t ip le ts  o f  the  s e x te t  H s t a t e  of Snp 
in  a cubic f i e l d
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i s  somewhat s u s p e c t ,  i n  o u r  o p i n i o n ,  a s  we do n o t  b e l i e v e  t h a t  t h e  
g ro u n d  H^ /2  s t a t e  s P l i t s  i n  t h e  c u b ic  c r y s t a l  f i e l d  to  t h e  e x t e n t  
shown.
3+
As i n  t h e  c a s e  o f  C aF^H o , upon h e a t  t r e a t m e n t  o f  t h e
c r y s t a l ,  t h e  g e n e r a l  g low  c u r v e s  show r e m a rk a b le  change  as  g iv e n  i n
3 +
F i g .  5 -67  to  F i g .  5 - 6 8 .  T h is  a g a in  i n d i c a t e s  t h a t  i n  b o th  C aF^H o
3+
and CaF^tSm h e a t  t r e a t m e n t  i n t r o d u c e s  s i m i l a r  ch an g es  i n  p o i n t
+3
symmetry s u r r o u n d in g  t h e  RE .
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CHAPTER VII 
CONCLUSION
7-1 Summary o f  R e s u lts
By em ploying lum inescence e x c i t a t i o n  te c h n iq u e , th e
c r y s t a l  f i e l d  s p l i t  e x c i t e d  s t a t e s  o f  t r i v a l e n t  Holmium and Samarium
i n  CaF^ c r y s t a l  w ere  s t u d i e d .  Based on a c o m p a r iso n  w i t h  t h e  c a l c u l a t e d
f r e e  io n  e n e rg y  l e v e l s ,  t e n t a t i v e  i d e n t i f i c a t i o n s  o f  t h e  o b s e rv e d  l e v e l s
w ere  made. I t  was fo u n d  t h a t  t h e  s e l e c t i o n  r u l e  AJ;s6 h o l d s  i n  t h e s e
s y s te m s ,  and th e  o b s e rv e d  t r a n s i t i o n s  a r e  p r e d o m in a te ly  o f  e l e c t r i c a l
d i p o l e  c h a r a c t e r .  A pproxim ate  e n e rg y  l e v e l  schemes o f  t h e  c r y s t a l
3 +
f i e l d  s p l i t  e x c i t e d  s t a t e s  o f  Ho i n  c u b ic  s i t e s  w ere  c o n s t r u c t e d .
S i m i l a r  e n e rg y  l e v e l  scheme o f  t h e  t h r e e  lo w e s t  m u l t i p l e t s  o f  t h e
3 +
s e x t e t  H s t a t e  o f  Sm i n  c u b ic  s i t e s  was a l s o  c o n s t r u c t e d .
I t  was fo u n d  t h a t  h e a t  t r e a t m e n t  i n  open a i r  c h a n g es  th e  
p o i n t  symmetry a round  t h e  r a r e - e a r t h  i o n .  By means o f  t h e  same g re e n  
lu m in e s c e n c e  e x c i t a t i o n  t e c h n iq u e  i t  was p o s s i b l e  to  o b s e rv e  t h e s e  
c h a n g es  t a k i n g  p l a c e .  B ased  on e v id e n c e  o b t a i n e d  from  e x c i t a t i o n ,  
e m is s io n  and th e rm o lu m in e sc e n c e  s p e c t r a  i t  i s  c o n c lu d e d  t h a t  t h e  
symmetry o f  t h e  c r y s t a l  f i e l d  s u r r o u n d in g  th e  r a r e - e a r t h  i o n s  i n  th e
as received crystal was predominately cubic in our case. Comparisons
be tw een  e x c i t a t i o n  s p e c t r a ,  a b s o r p t i o n  s p e c t r a ,  e m is s io n  s p e c t r a  and 
th e rm o lu m in e sc e n c e  s p e c t r a  showed them t o  be c o n s i s t e n t  w i th  e a ch
176
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o t h e r  a n d  w i t h  p r e v i o u s l y  o b t a i n e d  r e s u l t s  i n  t h i s  l a b o r a t o r y .
By em ploy ing  lo w - te m p e r a tu r e  t e c h n i q u e ,  t h e  two lo w e s t
S t a r k  com ponents  o f  t h e  c r y s t a l  f i e l d  s p l i t  g round  s t a t e  ( ° f
3 +
Sm i n  a C f i e l d  w ere  e s t i m a t e d .  A r e a s o n a b le  ag reem en t  be tw een  
t h e  c a l c u l a t e d  e n e rg y  l e v e l s  [ 2 -  5 9 ]  and th e  e s t i m a t e d  o n e s  was 
fo u n d .
A t te m p ts  w ere  made t o  s tu d y  th e  Zeeman e f f e c t  and l i f e t i m e s
3+
i n  th e  C aF^H o s y s te m .  The r e s u l t s ,  ho w ev er ,  so f a r  a r e  n o t  
c o n c l u s i v e  and f u r t h e r  work i s  n e e d ed  i n  t h i s  d i r e c t i o n .
7 -2  S u g g e s t io n s  f o r  C o n t in u e d  R e se a rc h
One o f  t h e  im p o r t a n t  d i r e c t i o n s  f o r  c o n t i n u a t i o n  o f  th e  
p r e s e n t  work on t h e  e x c i t a t i o n  s p e c t r a  i s  to  im prove th e  lo w - te m p e r a tu r e  
f a c i l i t i e s  so t h a t  t h e  sam ple u n d e r  s tu d y  c o u ld  be c o o le d  down to  
l i q u i d  h e l iu m  t e m p e r a t u r e  (LHT) a v  even  lo w e r .  I n  t h e  p r e s e n t  w ork , 
one o f  t h e  d e f f i c u l t i e s  was t h a t  a t  t e m p e r a t u r e s  n o t  s u f f i c i e n t l y  low 
( e . g .  LNT) some o f  t h e  low l y in g  e x c i t e d  s t a t e s  m ig h t  be s t i l l  p o p u l a t e d .  
T r a n s i t i o n s  o r i g i n a t i n g  from  t h e s e  s t a t e s  c a u se  much c o m p l i c a t io n  as 
f a r  as  t h e  a n a l y s i s  c£ t h e  e x c i t a t i o n  s p e c t r a  i s  c o n c e r n e d .  I f  
m e a su re m e n ts ,  how ever ,  a r e  c a r r i e d  o u t  a t  s u f f i c i e n t l y  low t e m p e r a t u r e s ,  
say  LHT, th e n  i n f o r m a t i o n  r e g a r d in g  t h e  e x c i t e d  s t a t e s ,  i n  g e n e r a l ,  can
more readily be obtained. Furthermore, with the improved low-temperature 
f a c i l i t i e s ,  t h e  c h a n c e s  f o r  s tu d y in g  t h e  t e m p e r a t u r e - e f f e e t  on th e  s p e c t r a  
w ould  be g r e a t l y  e n h a n c e d .
Im provem ents  i n  t h e  d e t e c t i n g  sy s te m  i s  a n o th e r  im p o r ta n t  
d i r e c t i o n  f o r  f u t u r e  e f f o r t .  D uring  t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  was
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found  t h a t  i n  some c a s e s  t h e  r a t i o  o f  s i g n a l  to  n o i s e  was n e a r l y  
c l o s e  to  o n e .  S u g g e s t io n  i n  t h i s  d i r e c t i o n  i s  e i t h e r  to  r e p l a c e  t h e  
p r e s e n t  d e t e c t i n g  sy s te m  (EMI p h o t o m u l t i p l i e r )  by a c h a n n e l t r o n  u n i t  
o r  to  combine th e  p r e s e n t  d e t e c t i n g  sy s te m  w i th  a s e t  o f  phase s e n s i t i v e  
d e t e c t o r .  F o r  t h e  s tu d y  o f  Zeeman e f f e c t ,  a s u p e rc o n d u c t in g  m agnet 
seems to  be n e c e s s a r y .  I n  a d d i t i o n  to  t h a t  t h e  s u g g e s t e d  im proved  
d e t e c t i n g  sy s tem  i s  a l s o  e s s e n t i a l .
As m e n t io n e d  i n  s e c t i o n  1 - 2 ,  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  
t h e  ran g e  be tw een  2800& t o  640C& was s t u d i e d .  Beyond t h i s  r e g i o n ,  
b o th  i n  t h e  u p p e r  and lo w e r  r e g i o n s ,  c o n s i d e r a b l e  num bers o f  e n e rg y  
l e v e l s  o f  t h e  r a r e - e a r t h  i o n s  e x i s t .  T h e r e f o r e  i t  seems w o r th w h i le  
to  employ t h e  same t e c h n i q u e  to  i n v e s t i g a t e  t h e s e  r e g i o n s  as w e l l .
W ith  r e g a r d  to  t h e  u p p e r  r e g i o n ,  a vacuum uv McPherson S p e c t r o m e te r  
w ould  be a good s o l u t i o n .  F o r  t h e  lo w e r  r e g i o n ,  t h e  s u g g e s t i o n  i s  
s im p ly  r e p l a c i n g  t h e  p h o t o m u l t i p l i e r  by an i n f r a r e d  d e t e c t o r .
- 2I n  o u r  p r e v i o u s  d i s c u s s i o n s ,  we s u g g e s t e d  t h a t  t h e  0 
and OH i o n s  w ere  i n t r o d u c e d  i n t o  t h e  sam ple  by means o f  h e a t  t r e a t m e n t  
i n  open  a i r .  I t  s h o u ld  be a l s o  i n t e r e s t i n g  to  s tu d y  t h e  same c r y s t a l s  
h e a t e d  i n  v a r i o u s  a tm o s p h e re s  u n d e r  d i f f e r e n t  c o n d i t i o n s .
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